
 
 

Delft University of Technology

Proceedings of the 2024 European Conference on Computing in Construction

Srećković, Marijana; Kassem, Mohamad; Soman, Ranjith; Chassiakos, Athanasios

DOI
10.35490/EC3.2024
Publication date
2024
Document Version
Final published version
Citation (APA)
Srećković, M., Kassem, M., Soman, R., & Chassiakos, A. (2024). Proceedings of the 2024 European
Conference on Computing in Construction. (Proceedings of the European Conference on Computing in
Construction; Vol. 2024). European Council on Computing in Construction (EC3).
https://doi.org/10.35490/EC3.2024
Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.35490/EC3.2024
https://doi.org/10.35490/EC3.2024


Proceedings of the
2024 European Conference on 

Computing in Construction
14-17 JULY 2024

Chania, Crete, Greece

Editors:
Dr. Marijana Srećković ¹
TU Wien (AT)
Prof. Mohamad Kassem ²
Newcastle University (UK) 
Dr. Ranjith Soman ³
TU Delft (NL)
Dr. Athanasios Chassiakos ⁴
University of Patras (GR)

Sponsored by:

1 Programme Chair
² Conference Chair
³ Dissemination Chair

⁴ Publications Chair



 2024 European Conference on Computing in Construction  
Chania, Crete, Greece 

July 14-17, 2024 
 

 

i 

 

 
 
 
 
 
 

 
Proceedings of 

2024 European Conference 
on Computing in Construction 

 
 

July 14–17, 2024 
Chania, Crete, Greece 

 
 
 
 
 

Edited by 

Dr. Marijana Srećković, TU Wien (AT) 

Prof. Mohamad Kassem, Newcastle University (UK) 

Dr. Ranjith Soman, TU Delft (NL) 

Dr. Athanasios Chassiakos, University of Patras (GR)  



 2024 European Conference on Computing in Construction  
Chania, Crete, Greece 

July 14-17, 2024 
 

 

ii 

 

 
 
 
 
 
 
 
 
 
 
 
Liability: Any statements expressed in these materials are those of the individual authors and do not necessarily 
represent the views of the EC3 organisers, who take no responsibility for any statement made herein. The EC3 

organisers make no representation or warranty of any kind, whether express or implied, concerning the accuracy, 
completeness, suitability, or utility of any information, apparatus, product, or process discussed in this publication, 
and assumes no resulting liability. Anyone using this information assumes all liability arising from such use, 
including but not limited to infringement of any patent or patents.  
 
Reproduction: No part of this work may be reproduced, stored in a retrieval system, or transmitted in any form or 
by any means, electronic, mechanical, photocopying, microfilming, recording or otherwise, without written 
permission from the Publisher, with the exception of any material supplied specifically for the purpose of being 
entered and executed on a computer system, for exclusive use by the purchaser of the work. Furthermore, the 
authors of each paper retain the right to republish that paper, in whole or part, in any publication of which they 
are an author or editor, and to make other personal use of the work. Any republication or personal use of the work 
must however explicitly identify prior publication in the EC3 Proceedings, including page numbers.  
 
Published at Newcastle University, Newcastle, UK.  
 

To cite this publication: 

 
M. Srećković, M. Kassem, R. Soman and A. Chassiakos, (2024). Proceedings of the 2024 

Conference of European Council for Computing in Construction (EC3). July 14–17, 2024; 
Chania, Crete, Greece: European Council for Computing in Construction (Computing in 
Construction, 2684–1150). DOI: 10.35490/EC3.2024 
 
 
ISBN: 9789083451305 
ISSN: 2684-1150 
All Rights Reserved 
 

 
© 2024 European Council on Computing in Construction  



 2024 European Conference on Computing in Construction  
Chania, Crete, Greece 

July 14-17, 2024 
 

 

iii 

 

PREFACE  

The 2024 European Conference on Computing in Construction was held as a mixed Conference 
from July 14 – July 17, 2024. The conference had 170 attendees that presented work and 
exchanged ideas in the areas of the conference. This book contains the papers that were 
submitted to the conference and were accepted after a rigorous peer-review process.  
 
The EC3 conference will be a core activity of EC3. The conference organisation is managed 
independently by a group of volunteers. The present conference is the 6th annual event of EC3. 
 
The EC3 2024 proceedings include an illustrated review of the program, the names of 
organizations and persons who contributed to the technical program. The peer review process 
consisted of two phases. Firstly, we received 55 optional abstracts that were reviewed by the 
respective area chairs. Following a rigorous full paper peer review process (with each full paper 
being reviewed by at least two reviewers drawn from the scientific committee of international 
experts, and final decisions being made collectively by the corresponding track and programme 
chairs, for two rounds of review), 131 outstanding full papers were ultimately included in the 
proceedings and presentation at the conference. The manuscripts were presented during 2 
plenary sessions and 22 technical sessions, including topics that focused on:  
 

● Blockchain & Distributed Ledger Technology 
● Data Analysis, Simulation, & Resilience 
● Data Integration Methods 
● Data Sensing & Acquisition 
● Education, Policy, and Standardisation 
● Energy Modelling & Monitoring 
● Product and Process Modeling 
● Virtual and Augmented Reality 

 

 

Please note: All EC3 proceedings and session recordings are available at no cost from 
https://ec-3.org/publications/conference/. All conference papers now have a unique DOI and 

are comprehensively meta-tagged to ensure easy discovery by commonly used search and 

indexing services.  

 
Additionally, the conference included four sessions dedicated to the technical committee work 
of the EC3 and these included: 

● Data Sensing and Analysis (DSA) Committee 
● Modelling and Standards Technical (M&S) Committee 
● Education (EDU) Committee 
● Human Digital Interaction (HDI) Technical Committee 

 
One further track allowed participants to communicate embryonic or thesis-related work 
through sessions dedicated to: 

● Thesis-related work in the form of a Thesis-in-3 competition for students. 
 

https://www.conftool.org/ec3-2019/index.php?page=browseSessions&path=adminSessions&form_session=19
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A day-long practical workshop for junior researchers on how to become an effective author of 
highly-ranked, peer-reviewed scholarly journal papers has been held by Prof. Mirosław J. 
Skibniewski. It conveyed the practical experience of a 30-year-long veteran editor-in-chief of 
a top-ranking international research journal focused on construction IT and related 
technologies. 
 
During a dedicated session, PhD/Junior Researchers-Mentor round tables were conducted, with 
the scope of developing mentees’ writing strength, clear goals, and personal growth. 
 
In addition to the technical content, the conference also provided opportunities for fellowship 
and networking in informal events. 
 
We would like to thank the EC3 scientific community, including both academic and industry 
members for their contributions and support; the scientific committee (see specific 
acknowledgements below); Wahib Saif, Marta Boscariol, Dominik Hartmann for their 
invaluable support during the conference and the preparatory stages, and Sobia Bano for 
maintaining the conference website.  
 
To all EC3 2024 attendees: we sincerely appreciate your participation and involvement in this 
conference. We hope this experience provided opportunities to renew friendships and 
professional relationships, forge new ones, spark exciting new research ideas, and enjoy the 
scenery and surroundings in a beautiful setting!  
 
Dr. Marijana Srećković, TU Wien, EC3 Programme Chair, and Prof. Mohamad Kassem, 
Newcastle University, EC3 Conference Chair. 
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EUROPEAN COUNCIL ON COMPUTING IN CONSTRUCTION  

The European Council on Computing in Construction (EC3) is a recently established society of 
construction professionals, academics, researchers and national Professional Bodies, aspiring to 
become the leading European forum in the area of information technology in construction engineering 
and management. 

Role of EC3 

The European Council on Computing in Construction (EC3) advances professional knowledge and 
improves engineering practice in the built environment by fostering research, education and policy in 
current and emerging computing and information technologies. 
EC3 is founded on the following four pillars and corresponding Technical Committees: 

● DSA: Data Sensing & Analysis 
● M&S: Modelling & Standards 
● HDI: Human Data Interaction 
● EDU: Education 

EC3 interacts strongly with other Architecture, Engineering, Construction and Facility Management 
(AEC/FM) societies in related areas, strengthen the collaborations between academia and industry in 
topics related to EC3’s mission, spearhead research on such topics, identify and promote effective ways 
to advance the state of knowledge and the level of education and practice in these topics, assist in the 
making of policy, and support existing and new related specialty conferences and publications. 

Technical Committees 

The role of all technical committees is to: 
● Gather, maintain and disseminate information on the application of the committee’s area to 

AEC/FM 
● Organise and support joint research activities in the committee’s area 
● Organise and support conference sessions, workshops, and meetings in the committee’s area 
● Disseminate innovation in the committee’s area through position papers, white papers, grand 

challenges reports and policy work throughout the European spectrum 
● Keep the SPAs aware of developments in the committee’s area 
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Abstract 
In the Dutch construction industry, the demand for 
advanced information storage and sharing is growing due 
to the complexity of construction projects. Limitations of 
traditional methods include lack of transparency and 
inefficient communication. Blockchain offers a promising 
solution by enabling decentralized storage and immutable 
recording of data increasing transparency and efficiency 
in the construction supply chain. Combining a Common 
Data Environment with the InterPlanetary File System – 
decentralized file storage and exchange, and a powerful 
tool for secure, efficient and reliable data management in 
construction – can emerge to improve cooperation 
between parties increasing effectiveness of projects.  

Introduction 
The construction industry is not known for being highly 
innovative. In general, construction companies struggle to 
keep up with the speed of technological developments and 
innovations (van Sante, 2016). A major obstacle to 
innovation and change in construction is the high degree 
of project-driven working and fragmentation (Nawi et al., 
2014; Li, 2023). The different construction phases of a 
structure (vertical fragmentation), the specialized 
stakeholders (horizontal fragmentation) and the different, 
often complex projects create many challenges within the 
industry (Fergusson, 1993; Adriaanse, 2014). 
While the application of Building Information Modelling 
(BIM) has become increasingly accepted in construction, 
making optimal use of it appears difficult (Canon, 2019). 
According to Koutsogiannis and Berntsen (2019), 95% of 
the data generated is lost between the parties involved and 
the different construction process phases. Construction 
information is rarely reliable and available, which is 
largely due to the limited connection between parties as a 
result of fragmentation (Adriaanse, 2014; Volker, 2019).  
In the Netherlands, strong fragmentation and 
specialization perpetuate, with project-based approaches 
being the norm (Adriaanse et al., 2020). These 
characteristics present significant challenges, especially 
considering the growing amount of information generated 
throughout the life cycle of projects (Koutsogiannis and 
Berntsen, 2019). In practice, there often appear to be 
problems related to the availability and reliability of 
construction information, which has significant 
implications for the efficiency and effectiveness of 

construction projects (Chong et al., 2014). The transfer 
and preservation of construction information is a crucial 
part of the construction process and will become even 
more important in the future. Making and keeping 
information available and reliable is something that is a 
hot topic in many sectors. A development which is often 
associated with transparent and reliable exchange of data 
is Blockchain Technology (Puthal et al., 2018). 
The overarching objective of this study is to assess the 
viability of integrating blockchain with Common Data 
Environments (CDEs) to enhance the accessibility and 
dependability of building information within the Dutch 
construction sector. This focus is crucial as building 
information plays a pivotal role in streamlining 
construction processes across the life cycle of buildings in 
the Netherlands, ultimately fostering opportunities for 
long-term material reuse initiatives (Jaskula, et al., 2023). 
The research question for this study is: "How can the 
integration of blockchain and CDEs be leveraged to 
enhance the availability and reliability of building 
information in the Netherlands?" 
This paper reports on preliminary research focused on the 
exploration of information management within the Dutch 
construction sector. By examining local practices and 
challenges, this study allows researchers to contextualize 
and compare the findings in the Dutch context with 
research from other countries regarding information 
management in construction. This adds insights to the 
body of knowledge and facilitates the Netherlands in 
learning from other contexts, thus contributing to a 
broader understanding of information management 
practices in the construction sector. 
In next section, the literature review introduces 
blockchain technology, and identifies challenges to 
current information management and CDEs in 
construction. The methodology explains the approach for 
the study centred on interviews and a use case evaluation, 
the results of which are then presented. The final two 
chapters bring discussion and conclusions of the study. 

Literature Review 
Blockchain technology 
Many current database systems operate within a 
centralized architecture, where users have permission to 
modify data stored on the central server. A central 
authority manages the entire database, including access 
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control and user authentication (Sarmah, 2018). 
Blockchain, often associated with cryptocurrencies such 
as Bitcoin, offers a decentralized approach. It is a type of 
Distributed Ledger Technology (DLT) that has the 
potential to spark a new industrial revolution (Perez, 
2009). Unlike centralized systems, blockchain is managed 
and validated by a global network of peer-to-peer 
connected computers where no one individual or 
organisation has control over the data (Jena and Dash, 
2021). This creates a digital database that is built, shared, 
validated and synchronized by participants eliminating 
the need for a central authority where everyone has access 
to the latest version of the ledger (Lashkari and Musilek, 
2021). Transactions are sent to the network, validated by 
computer algorithms, and linked to previous transactions, 
creating an immutable chain. The distributed structure of 
blockchain and the confirmed guarantees of nodes make 
information almost impossible to manipulate, which 
increases trust between participants. This provides a 
solution to the limitations of traditional centralized 
systems (Bodkhe et al., 2020). 
Blockchains can be public or private. Public blockchains 
are open systems without authority; anyone can join and 
be granted full rights to participate (Guégan, 2017). The 
verifiability and transparency of information are central 
features as there are no access restrictions imposed. Public 
blockchains are not recommended for large or energy-
sensitive domains. Private blockchains have limited 
access to the network and are shared privately between 
specific participants with communication protocols. Only 
pre-verified individuals meeting certain requirements are 
allowed to perform certain operations on the blockchain 
(Yang et al., 2020). Between public and private sits the 
consortium blockchain where only organizations or 
groups with the same goals can join (Jabbar et al., 2022). 
The degree of decentralization varies in DLT networks 
from full decentralization (e.g., Bitcoin) to lower 
decentralization with some form of hierarchy for direction 
and control (e.g., Hyperledger), depending on the specific 
application and parties involved (Hamilton, 2019). 

Information management 

Fragmentation in information management 
Due to the dynamic and complex nature of construction, 
different professions and specializations have emerged, 
roughly divided into the well-known construction phases: 
initiators, designers, builders, maintenance parties (Nawi 
et al., 2014). In this subdivision, a clear structure is visible 
with strong separation between the different construction 
phases (Adriaanse, 2014). Within these phases, there is a 
high degree of specialization leading to many companies 
becoming involved in a construction project all having 
their own contributions and interests. In many cases, this 
leads to difficulties in communication and coordinating 
all the parties in the construction process (Chong et al., 
2014; Di Giuda et al., 2020). Despite this high degree of 
specialization often presenting challenges, construction 
has proven to be a key piece in the overall development 
of society. Without the necessary infrastructure, many 
developments would have been much more difficult and 

society would be less developed (van Breugel, 2019). The 
construction industry exhibits considerable fragmentation 
as an inherent feature of its structure and mode of 
operation. It is often compared to an ‘archipelago’, 
consisting of several ‘islands’ that are highly distributed 
across three levels (Adriaanse, 2014) – vertical, horizontal 
and longitudinal. This complex structure leads to 
communication challenges between stakeholders, 
construction process phases and projects themselves 
(Dave and Koskela, 2009). This division results in 
significant challenges in communication and coordination 
among stakeholders (Fergusson, 1993). 

CDEs for information management 
The increasing complexity of construction projects, 
coupled with the need for real-time information sharing, 
underscores the necessity for digitalization in the 
construction industry (Agarwal et al., 2016). A CDE 
serves as a comprehensive data store for all project-related 
information, including geometric and semantic data, as 
well as documentation, throughout the construction 
project life cycle (British Standards Institution, 2013). By 
consolidating all information into one accessible location, 
the CDE acts as a central information management tool, 
facilitating efficient collaboration and communication 
among stakeholders (Preidel et al., 2017). We consider 
whether the CDE can play a central role in integrating and 
managing information among stakeholders.  
Efficient information management is paramount for 
project success due to the complexity and abundance of 
data generated during construction projects (Di Giuda et 
al., 2020). Defined by ISO 19650-1:2018, a CDE 
functions as an agreed-upon information resource for a 
project or asset, enabling the collection, management, and 
dissemination of information through a controlled process 
(ISO, 2018). It encompasses both a CDE solution, 
typically cloud- or server-based technology with database 
management features, and a structured CDE workflow 
that organizes information flow and management 
throughout the asset life cycle (BIM Dictionary, 2022).  
Jaskula et al. (2022) outlines three levels of CDE maturity 
based on document management, life cycle functionality, 
security, and BIM integration. At its core, the CDE 
enhances information management by providing 
stakeholders with a unified platform for accessing, 
sharing, and collaborating on project data. This 
centralized approach fosters transparency, reduces errors, 
and improves decision-making, ultimately contributing to 
the overall success of construction projects. Cloud storage 
services such as Dropbox are categorized as Level 1 CDE 
due to limited integration with BIM technology and do not 
offer advanced management capabilities nor a high level 
of security. More advanced CDE tools such as Viewpoint, 
Asite, Procore, Deltek, or ProjectWise are considered 
Level 2 CDE for BIM because they offer BIM 
visualization and communication based on BIM formats 
such as BIM Collaboration Format (BCF) and Industry 
Foundation Classes (IFC) in addition to document 
management. Additionally, integrating technology such 
as the InterPlanetary File System (IPFS) could enhance 
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the capabilities of CDE tools, potentially elevating them 
to Level 3 BIM integration. IPFS, with its decentralized 
and distributed file system, offers advantages such as 
increased data integrity, redundancy, and resilience 
against censorship. Platforms like Autodesk's BIM 360 or 
BIMcollab, integrated with IPFS, could offer Level 3 
functionality for multidisciplinary real-time collaboration 
and document management, serving as a more 
comprehensive single source of truth throughout the life 
cycle of construction projects. However, this integration 
may still require further development and evaluation to 
ensure seamless compatibility and functionality within 
existing CDE frameworks (Jaskula et al., 2023).  

IPFS as a solution to information management  
While blockchain can store information, it is not a realistic 
solution for storing large amounts of building information 
(Kloosterman and Smits, 2023) for being prohibitively 
expensive and demands significant computational power. 
Therefore, current iterations of blockchain are not suitable 
for the collaboration and sharing of large amounts of data. 
This challenge can be addressed by integrating blockchain 
with IPFS (Steichen et al., 2018), which allows 
participants to directly connect to each other without the 
need for a central server (Muralidharan and Heedong, 
2019; Bennet, 2020). A major advantage is that IPFS 
allows flexible storage of large files. Each file uploaded 
to the IPFS network is encrypted into a cryptographic 
hash value referred to as a content identifier (CID). IPFS 
is considered a valuable addition because it can solve the 
problem of inefficient, bulky data storage in blockchain 
(Steichen et al., 2018; Nyaletey et al., 2019). In other 
words, users can choose to store design files or documents 
in IPFS and place only CIDs in blockchain transactions. 
Implementation of the blockchain-IPFS CDE solution 
faces two challenges: (1) establishing the collaboration 
workflow of a CDE that integrates blockchain and IPFS, 
and (2) exchanging design information in such an 
environment. Regarding (1), limited studies have 
examined which CDE container(s) should use blockchain 
and the logic of collaborating in such a distributed 
environment (Ye and König, 2021). Regarding (2), in a 
blockchain network, users exchange information by 
proposing transactions and using smart contracts. But the 
data model of transactions and smart contracts that meets 
the requirements of CDE is not yet developed, which 
complicates communication between designers (Tao et 
al., 2021). It is expected that these challenges will be 
addressed in due course within the research community; 
proposing solutions is outside the scope of this paper.  

Methodology 
To answer the research question, this study adopted an 
interpretivist philosophy and an inductive approach to 
data collection and analysis. The methodology can be 
seen graphically in Figure 1 below.  
First, a literature review was conducted to understand the 
issues surrounding fragmentation in the Dutch 
construction industry, the nature of construction 
information and the opportunities offered by Blockchain. 

The findings of the literature review formed the basis of 
interviews with six industry practitioners (#1 to #6 in 
Table 1) and two blockchain experts (#7 and #8 in Table 
1) contrasted with evaluation of a use case with a BIM 
Coordinator of a prefabrication project (#9 in Table 1) in 
the Netherlands. Finally, a validation interview took place 
with an academic with extensive knowledge of 
blockchain in construction (#10 in Table 1). The 
interviews with industry practitioners centred on 
investigating opportunities for enhancing communication 
and optimizing information utilization. Both positive and 
negative feedback were documented regarding various 
aspects including the availability and reliability of 
information, communication exchanges, and data storage. 
These insights are crucial for identifying areas for 
improvement and pinpointing specific pain points within 
current practices. 
Table 1 presents the profiles of the participants, who were 
chosen based on their roles to ensure representation across 
different phases of construction projects. Conducted in 
Dutch, semi-structured interviews allowed for the organic 
evolution of topics and the emergence of new insights, 
with subsequent translation into English for analysis. 
 

Table 1: Profile of Participants 

ID Function Type of business Subject 
#1 Deputy director Developer 

Data 
exchange and 

life cycle 
optimisation 

#2 Project leader Architect 
#3 Managing 

director 
BIM model 

elaboration 
#4 Project leader Contractor 
#5 Project leader Housing corporation  
#6 Transfer team 

leader 
Housing corporation 

#7 Blockchain expert Software developer 
Blockchain #8 Blockchain expert Knowledge 

organization 
#9 BIM Coordinator  Prefabrication Data 

generation 
and transfer 

#10 Lecturer University  Validation 
 

Subsequent to the interviews, a use case was evaluated to 
examine the impact of using a single central source of 
truth on the availability and reliability of construction 
information with specific relevance to the Dutch context. 
The interviews with the blockchain experts also addressed 
these topics, but with a specific focus on the potential role 
of blockchain technology in transforming data exchange. 
The central question here was whether blockchain can add 
value to an alternative approach to data communication, 
addressing aspects such as information availability, 
reliability and storage in an innovative way. The use case 
was used to gain insights into whether working within a 

 
Figure 1: Methodology for the study 
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single network – such as a blockchain – has benefits for 
information exchange and availability. In fact, different 
departments within the company use the same 
information sharing system. 
Upon collection of the data, thematic analysis was applied 
following Williams and Moser’s (2019) three-step coding 
process.  First open codes were identified, then refined 
into selective codes and finally themes were identified 
across the data. Table 2 shows the resultant themes along 
with analysis of positive or negative comments being 
made across the three sets of interviews.  
 

Table 2: Evaluation of comments from the interviews 

Themes Current  Blockchain Use Case  
 -ve +ve -ve +ve -ve +ve 
Availability  58 56 5 18 2 23 
Reliability-Trust  60 67 6 44 3 25 
Exchange-Communication  83 95 2 12 4 11 
Storage  29 19 9 16 0 9 
Construction information 133 130 23 68 1 19 
Collaboration  51 76 5 16 4 25 
BIM  58 87 2 16 1 6 
 

Results of the interviews  
The interviews were designed to explore three main 
aspects: the current situation, the potential added value of 
blockchain and a use case. Three sets of interviews were 
conducted with respondents from the construction 
industry, blockchain experts and as part of a case study. 
The results, analysed thematically and summarized in 
Table 2, show the current situation around these topics is 
fairly even, with roughly equal numbers of positive and 
negative comments. However, when asked whether 
blockchain can add value, more positive statements 
emerged. This suggests that blockchain could be 
beneficial for these aspects. Furthermore, it was found 
that working within one network and with one source of 
truth produced more positive as well as negative 
expressions on the various topics. This indicates the 
potential of a blockchain-based structure to improve 
collaboration and information sharing. 

Current situation with information exchange 
The results of examining the current situation with 
information exchange show there is a clear need for 
available and reliable construction information. One 
crucial aspect that emerged from the interviews is the 
location where information is stored. Several stakeholders 
emphasized that construction work information is often 
stored on their own servers or systems, resulting in 
scattered and fragmented data storage. The interviews 
also revealed that just a shared storage location is not 
enough. Participant #2 said, “That is the place where 
everyone leaves their information. In several projects, we 
have found this often acts as a kind of dumping ground for 
information. While anyone can put information there, 
there is often a lack of adequate version control and 
determination of relevance. Managing older data or 
directing that information is often neglected”. This makes 
it difficult to quickly access the information needed and 

forces parties to exchange information through external 
channels as indicated by participant #6: “I get a very large 
information portion from the contractor through a USB 
stick” (#6).  
An adverse consequence of this information sharing is the 
challenge of identifying the most recent version of 
documents (e.g., drawings). “The more information you 
have to share, the more mistakes are made” (#2). This 
creates the risk of working with outdated or incorrect 
information, which can damage the reliability of 
construction work information. “You will always have the 
customer or contractor working with a different system” 
(#9). To address these issues, some stakeholders are 
already experimenting with software solutions that bring 
together construction work information in one central 
location. These CDEs are welcomed by respondents who 
recognize the benefits of centralized access to and 
exchange of information: “You really need to have a place 
where the information is centralized, because it 
disappears everywhere. Everyone has different 
information and then what’s the right version? You just 
lose that overview” (#3). They believe such CDEs will 
improve the availability and reliability of construction 
information in the future: “Of course, it would be much 
nicer if something from the contractor went directly into 
our system” (#6). 
These statements represent that the exchange and storage 
of construction information in construction could be 
significantly improved. Often, information is distributed 
to stakeholders in different ways, leading to ambiguity 
about the correct version. This leads to mutual 
consultation among stakeholders without everyone being 
aware, often resulting in parallel efforts and different 
versions of the ‘truth’. According to respondents, the 
demand for a central source of information can yield 
significant gains in information management. Participant 
#6 indicated that a lot information is lost during 
construction and after handover. As a result, valuable data 
are missing during operation. Participants also indicated 
that there is no seamless connection between business 
information, with participant #6 indicating that it would 
be more efficient if the contractor could add information 
directly to the server. When asked whether applying 
blockchain in the Dutch construction industry can help 
improve information management and collaboration, 
there were mixed responses. Mainly, the lack of 
knowledge about blockchain and overall market adoption 
are mentioned as obstacles. Proper education about the 
possibilities can promote broader implementation. 
Participant #9 indicated that they are open to new 
technologies if they are beneficial for overall construction 
and information management in the different phases. 

Added value through blockchain technology  
The interviews with blockchain experts aimed to explore 
how blockchain can contribute to achieving more reliable 
and accessible information. A key focus was to identify 
the most appropriate form of blockchain for collaboration 
between different stakeholders. This involved asking 
about different types of blockchains (e.g., public, private, 
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consortium), and examining the features most conducive 
to effective collaboration. In addition, the research 
assessed the impact of using blockchain in businesses by 
examining the potential benefits of blockchain adoption 
and identifying the challenges and adjustments needed 
when transitioning to a blockchain-based business model. 
Finally, they explored why blockchain, despite several 
years of existence, has not yet been fully utilized. Through 
these interviews, it was hoped the potential obstacles that 
may hinder implementation of blockchain in the Dutch 
construction industry could be better understood. 
The results indicate that while storing large volumes of 
information on a blockchain is possible, it is also be 
prohibitively expensive and demands significant 
computational power. Therefore, it may be more practical 
to consider recording only the transactions associated 
with that information on the blockchain. “The bitcoin-
blockchain is extremely slow and poor to use for storing 
information. But it is very good at transferring values 
because it is so secure” (#8). This approach can enhance 
the reliability of information without incurring excessive 
costs or energy consumption. Additionally, it is worth 
noting that the information is hashed, and the resulting 
hash code is processed through the blockchain, ensuring 
data integrity and security. Blockchain expert #8 
expressed that “you have to see the blockchain as the 
party that fixes the information that parties exchange with 
each other. A kind of notary”. This makes the 
implementation of a CDE a considerable necessity, as it 
promotes the availability of information for all parties 
involved. It ensures transparency and accessibility of 
information, which enhances collaboration and 
information sharing. The findings also highlight that 
blockchain is an additional layer within the ICT 
infrastructure because “you actually have to really 
separate it from the database, it's just a different kind of 
technology” (#8). It provides a secure and decentralized 
infrastructure for storing and verifying data, which 
promotes trust and transparency. 
For collaborations involving stakeholders with 
hierarchical structures, private (consortium) blockchains 
are recommended by participant #8. This allows 
participants to work together within a shared network 
where specific roles and authority can be assigned as well 
as structured collaboration and decision-making giving 
parties “the ability to share data among themselves. 
Moreover, it is configurable, so you can configure which 
parties specifically share data with each other. You have 
full control over this configuration” (#7). 
Based on these interviews, it can be said that the demand 
for structured and reliable information management is 
strong in the industry. The large-scale implementation of 
CDEs is lagging partly because of the lack of structure and 
control. This is where blockchain technology can add 
value. By capturing construction information using 
blockchain, it is possible to keep track of changes and 
other important issues. The ultimate goal with this is to 
roll out the large-scale application of central data 
management in construction. 

Use Case: Prefabricated wall panels 
To test an ‘ideal situation’ and focus on information 
exchange between cooperating departments within a 
single organization, a use case was evaluated. A factory 
specializing in the production of precast elements was 
chosen. As a modern method of construction, 
prefabrication has a more integrated supply chain than 
that of traditional construction sites (Ocheoha and 
Moselhi, 2018) and is, therefore, potentially more 
susceptible to adoption of blockchain in the near-term 
(Olawumi et al., 2022). 
The aim of the use case evaluation was to gain insight into 
how information is exchanged when internal stakeholders 
work together within the same network. This study 
focused specifically on the methods and processes used to 
share and communicate information among the 
departments involved and whether there is a ‘Single 
Source of Truth’ for all stakeholders to reliably access. 
The evaluation produced several results that highlight the 
benefits of working with a single source of truth. It was 
found to improve the reliability of information because all 
necessary data are stored in one central location, 
eliminating incorrect or contradictory information. This 
contributes to a higher degree of reliability and accuracy 
in the production process such that “IFC is the digital 
source model of the prototype we make and with that we 
control the production” (#9). In addition, working with a 
single source of truth adds value to the optimization and 
automation process. It streamlines information exchange 
and creates an efficient workflow. “We have software that 
does our planning and also ultimately controls 
production. And through that system we have files for the 
lasers, for the plotter; files are generated” (#9). By 
working with a centralized resource, processes can be 
automated and more emphasis can be placed on 
optimization and improvement of production. An 
additional advantage is that all employees and 
departments have access to the same data “so we are 
working with the same source information” (#9). Having 
the source information stored in one place with easy 
accessibility promotes communication and collaboration 
within the organization. Everyone can have access to the 
most recent and relevant data at any time ensuring better 
coordination and handling of tasks and processes. 
Information is no longer distributed through emails 
between internal stakeholders, but everyone knows where 
to find the information. This prevents duplication of 
information and ensures that the ‘production model’ is 
and remains the only source of truth. The downside of 
intensive use of the source model is that any changes 
made during the process must be updated in the model to 
avoid production errors, as many processes are based on 
the source information and automation. “We aim to 
integrate as much information as possible into the 
production model that drives our production process. We 
want this to be the source of information” (#9). 
During the interview, it was noticed that company 
employees showed remarkably more mutual engagement 
than is common in the construction industry. This result 
can be attributed to the fact that they work together within 
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one network or all work for the same company, which 
fosters a sense of belonging. As a result, all employees 
have a common interest in the final product, which differs 
from the usual fragmented nature of the construction 
industry in which individuals perform their own tasks. 
Evaluation of this use case has shown that working with a 
single source of truth offers significant benefits, including 
improved reliability of information, availability of 
information, optimization of processes and a sense of 
belonging among employees and departments as they 
advance toward a common goal.  

Discussion  
This paper aimed to evaluate the use of blockchain in 
combination with CDEs to improve the accessibility and 
reliability of construction information in the Netherlands. 
The Dutch construction industry is known for its 
fragmentation and specialization, which poses challenges 
for efficient information exchange. Integrating 
blockchain with CDEs could help solve problems of 
information management essential for optimizing 
construction processes. The research question being 
answered was, "How can the integration of blockchain 
and CDEs be used to improve the availability and 
reliability of construction information in the 
Netherlands?" 
The literature review highlighted the benefits of 
blockchain and CDEs, particularly in terms of reliability, 
accessibility and efficiency of information management. 
Blockchain is recognized for its ability to secure 
information and provide transparency without the need 
for trusted intermediaries (Lashkari and Musilek, 2021). 
The concept of CDEs is considered an effective way to 
centralize construction information and facilitate 
collaboration among stakeholders (Preidel et al., 2017). 
The interviews showed current practices in construction 
often result in fragmented and piecemeal storage of 
information, leading to problems such as finding the most 
recent versions of documents and miscommunication 
between different parties. This highlights the need for 
centralized solutions such as CDEs to address these 
challenges. 
The results show combining blockchain and CDEs offers 
a potential solution to the limitations of traditional 
centralized systems in the construction industry by 
making manipulation of information virtually impossible 
increasing trust between participants. This is valuable due 
to the complex and specialized nature of the construction 
industry, where different professional groups are involved 
in different phases of the construction process (Nawi et 
al., 2014). A centralized information management system 
can help consolidate information and facilitate 
collaboration and communication between stakeholders. 
However, it was found that storing information on a 
blockchain is not effective due to its latency and poor 
storage abilities. The combination of blockchain and a 
CDE was considered a potential solution to this with IPFS 
suggested to complement blockchain to help solve 
problems with inefficient data storage (Steichen et al., 
2018; Nyaletey et al., 2019). This was supported by the 

findings from the interviews, though practical 
considerations are still to be addressed, such as the 
perceived high cost and energy requirements of storing 
large amounts of information on the blockchain requiring 
a targeted approach. A solution being, for example, 
capturing only transactions involving information on the 
blockchain with the actual information stored on IPFS.  
The promising applications of blockchain in construction, 
particularly in improving efficiency, transparency and 
time savings, are a key finding of this research. 
Optimizing CDEs by further exploring and developing 
these areas for the Netherlands, innovative solutions can 
be developed that lead to more efficient, transparent and 
sustainable construction processes and projects. 
Moreover, it is important to research similar situations in 
other countries. This helps not only to understand the 
applicability and effectiveness of blockchain in different 
contexts, but also to identify global best practices. By 
making international comparisons and drawing lessons 
from different experiences, we can gain a deeper 
understanding of the potential impact of blockchain on the 
construction industry worldwide. This can ultimately 
contribute to a more informed and inclusive approach to 
the implementation of blockchain technology in the 
construction industry. 

Conclusion 
The Dutch construction industry, characterized by 
fragmentation, experiences challenges in communication 
and coordination of construction work information, with 
loss of valuable data. This research answered the question, 
"How can the integration of blockchain and CDEs be 
leveraged to enhance the availability and reliability of 
building information in the Netherlands?” Qualitative 
methods were used to examine construction information 
in the chain, as well as opportunities and limitations of 
blockchain. 
The research findings emphasized the importance and 
issues surrounding availability and reliability of 
information in the construction supply chain, often 
associated with negative experiences. The lack of 
connection between companies, operating mainly on their 
own ‘islands’, leads to manual dissemination of 
information across stakeholders. This results in 
conflicting versions, miscommunication and lack of a 
clear source of truth. 
Research on blockchain integrated with a CDE has 
provided insights on its potential and limitations. 
Although further research is required to explicitly answer 
the research question, it is suggested that integration of a 
CDE with blockchain could be a valuable approach. 
Blockchain is not suggested for storing large amounts of 
information, rather integration with IPFS for a CDE that 
acts as a central repository for all construction 
information, could see increased security and prevent 
manipulation of data. This enables reliable and immutable 
storage of information, which is crucial for the efficient 
and effective execution of construction projects. 
The evaluated use case showed that using a shared 
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network environment and working with a central source 
of truth brings several benefits in terms of optimization, 
efficiency and trust. This is because information is stored, 
managed and shared more efficiently within the network. 
The availability and reliability of construction 
information increases greatly when using a single source 
of truth. Because stakeholders know where information is 
stored, individual sharing is no longer necessary, which 
benefits information reliability and reduces the risk of 
miscommunication and duplicate versions. 
One notable result is that stakeholders have more mutual 
trust and cooperate better when operating within the same 
network environment. This improvement comes from 
relying on each other's information within the same 
system, allowing individual goals to converge into a 
common interest. This highlights the importance of a 
shared platform and the potential of blockchain to 
enhance communication, trust and collaboration in the 
supply chain. In short, the study concludes that 
construction stakeholders benefit from available and 
reliable construction information, with blockchain 
serving as a valuable tool to achieve these goals. 
As preliminary research, this study was limited regarding 
the number of stakeholders engaged and the use case 
evaluated. While the study gained insights from relevant 
perspectives, it is acknowledged that more engagement is 
needed. A wider range of stakeholders could provide a 
broader spectrum of insights and allow for a more 
comprehensive representation of diverse viewpoints in 
the Dutch construction industry. Extending the study to 
engage with a wider range of stakeholders across the 
project life cycle to gain a deeper understanding of the 
complex dynamics and challenges within the Dutch 
construction industry. The use case chosen considered 
information management at an intraorganizational level 
that arguably faces less challenges than at an 
interorganizational level, the latter will be included in the 
extended study. In addition, blockchain's technological 
elaboration and application alongside a central database 
will be explored.  

References 
Adriaanse, A. (2014) Bruggen bouwen met ICT. 

Universiteit Twente. Available at: 
https://ris.utwente.nl/ws/portalfiles/portal/5119421/ora
tieboekje-Adriaanse.pdf. 

Adriaanse, A., Borsboom, W. and Roef, R. (2020) Naar 
netwerken van predictive twins van de gebouwde 
omgeving. Available at: 
https://www.tno.nl/nl/newsroom/2020/11/predictive-
twins-oplossing-uitdagingen/. 

Agarwal, R., Chandrasekaran, S. and Srigrid, M. (2016) 
Imagining construction’s digital future. Available at: 
https://www.mckinsey.com/industries/capital-projects-
and-infrastructure/our-insights/imagining-
constructions-digital-future2/28. 

Bennet, J. (2020) InterPlanetary File System (IPFS). 
Available at: https://ipfs.tech/. 

BIM Dictionary (2022) Common Data Environment 
(CDE). Available at: 
https://bimdictionary.com/en/common-data-
environment/2. 

Bodkhe, U. et al. (2020) Blockchain for Industry 4.0: A 
comprehensive review, IEEE Access. Available at: 
https://doi.org/10.1109/ACCESS.2020.2988579. 

van Breugel, K. (2019) Het model: vehikel voor glorie en 
schande. Available at: 
https://pure.tudelft.nl/ws/portalfiles/portal/96293783/
Afscheidsrede_Prof._K._van_Breugel_27.09.2019_.p
df. 

British Standards Institution. (2013) PAS 1192-2:2013 : 
specification for information management for the 
capital/delivery phase of construction projects using 
building information modelling. Available at: 
https://www.hfms.org.hu/joomla/images/stories/PAS/
PAS1192-2-BIM.pdf. 

Canon (2019) De nationale benchmark Digitalisering in 
de Bouw. Available at: 
https://www.canon.nl/business/digitalisering-in-de-
bouw/. 

Chong, H.Y., Wong, J.S. and Wang, X. (2014) ‘An 
explanatory case study on cloud computing 
applications in the built environment’, Automation in 
Construction [Preprint]. Available at: 
https://doi.org/10.1016/j.autcon.2014.04.010. 

Dave, B. and Koskela, L. (2009) ‘Collaborative 
knowledge management—A construction case study’, 
Automation in Construction, 18(7), pp. 894–902. 
Available at: 
https://doi.org/10.1016/J.AUTCON.2009.03.015. 

Fergusson, K.J. (1993) Impact of integration on industrial 
facility quality. Unpublished Dissertation. Palo Alto. 
Available at: 
https://stacks.stanford.edu/file/druid:xj721fn3242/TR0
84.pdf. 

Di Giuda, G.M., Giana, P.E. and Pattini, G. (2020) ‘The 
shortening and the automation of payments: The 
potentiality of smart contract in the aeco sector’, in 
Proceedings of International Structural Engineering 
and Construction. ISEC Press, p. CON-12-1-CON-12-
6. Available at: 
https://doi.org/10.14455/ISEC.2020.7(2).CON-12. 

Guégan, D. (2017) Public Blockchain versus Private 
blockchain. Paris. Available at: 
http://centredeconomiesorbonne.univ-paris1.fr/. 

Hamilton, M. (2019) Blockchain distributed ledger 
technology: An introduction and focus on smart 
contracts. University of Alabama. Available at: 
https://doi.org/10.1002/jcaf.22421. 

ISO (2018) ISO, Organization and digitization of 
information about buildings and civil engineering 
works, including building information modelling (BIM) 
— Information management using building information 

8



modelling, Part 1: Concepts and principles. Available 
at: https://www.iso.org/standard/68078.html. 

Jabbar, R. et al. (2022) Blockchain Technology for 
Intelligent Transportation Systems: A Systematic 
Literature Review, IEEE Access. Available at: 
https://doi.org/10.1109/ACCESS.2022.3149958. 

Jaskula, K. et al. (2022) Common Data Environments in 
construction: State-of-the-art and challenges for 
practical. The Bartlett School of Sustainable 
Construction. Available at: 
https://dx.doi.org/10.2139/ssrn.4249458. 

Jaskula, K., Papadonikolaki, E. and Rovas, D. (2023) 
Comparison of current Common Data Environment 
tools in the construction industry. University College 
London. Available at: https://ec-
3.org/publications/conference/paper/?id=EC32023_31
5. 

Jena, A.K. and Dash, S.P. (2021) ‘Blockchain 
Technology: Introduction, Applications, Challenges’, 
in Blockchain Technology: Applications and 
Challenges, pp. 1–11. Available at: 
http://www.springer.com/series/8578. 

Kloosterman, R. and Smits, M. (2023) Blockchain 
Technologie in de bouw. Amsterdam University of 
Applied Sciences. 

Koutsogiannis, A. and Berntsen, N. (2019) Blockchain 
and construction: the how, why and when. Available at: 
https://www.bimplus.co.uk/blockchain-and-
construction-how-why-and-when/. 

Lashkari, B. and Musilek, P. (2021) A Comprehensive 
Review of Blockchain Consensus Mechanisms, IEEE 
Access. Available at: 
https://doi.org/10.1109/ACCESS.2021.3065880. 

Li, J.J. (2023) A socio-technical framework to guide 
implementation and value realisation of distributed 
ledger technologies (DLT) in the construction sector. 
Available at: 
https://nrl.northumbria.ac.uk/id/eprint/51601/. 

Muralidharan, S. and Heedong, K. (2019) An 
InterPlanetary File System (IPFS) based IoT 
framework. Available at: 
https://doi.org/10.1109/ICCE.2019.8662002. 

Nawi, M.N.M., Baluch, N. and Bahauddin, A.Y. (2014) 
Impact of Fragmentation Issue in Construction 
Industry: An Overview. School of Technology 
Management and Logistics, University Utara Malaysia. 
Available at: 
https://doi.org/https://doi.org/10.1051/matecconf/2014
1501009. 

Nyaletey, E. et al. (2019) BlockIPFS - Blockchain-
enabled interplanetary file system for forensic and 
trusted data traceability, Proceedings - 2019 2nd IEEE 
International Conference on Blockchain, Blockchain 
2019. Available at: 
https://doi.org/10.1109/Blockchain.2019.00012. 

Olawumi, T.O. et al. (2022) Automating the modular 
construction process: A review of digital technologies 
and future directions with blockchain technology, 
Journal of Building Engineering. Available at: 
https://doi.org/10.1016/J.JOBE.2021.103720. 

Perez, C. (2009) Technological revolutions and techno-
economic paradigms. Technological University of 
Tallinn. Available at: www.carlotaperez.org. 

Preidel, C. et al. (2017) Seamless integration of common 
data environment access into BIM authoring 
applications the BIM integration framework, eWork 
and eBusiness in Architecture, Enginering and 
Construction. Available at: 
https://mediatum.ub.tum.de/doc/1306961/654ocv4bit3
2uh73pjj1z1vjs.pdf. 

Puthal, D. et al. (2018) Everything You Wanted to Know 
about the Blockchain: Its Promise, Components, 
Processes, and Problems, IEEE Consumer Electronics 
Magazine. Available at: 
https://doi.org/10.1109/MCE.2018.2816299. 

van Sante, M. (2016) Technologie in de bouw. 
Amsterdam. Available at: 
https://assets.ing.com/m/b9c7308fea908f98/original/T
echnologie-in-de-bouw.pdf. 

Sarmah, S.S. (2018) Understanding Blockchain 
Technology, Computer Science and Engineering. 
Available at: 
https://doi.org/10.5923/j.computer.20180802.02. 

Steichen, M. et al. (2018) Blockchain-Based, 
Decentralized Access Control for IPFS. Available at: 
https://doi.org/https://doi.org/10.1109/Cybermatics_20
18.2018.00253. 

Tao, X. et al. (2021) Distributed common data 
environment using blockchain and Interplanetary File 
System for secure BIM-based collaborative design, 
Automation in Construction. Available at: 
https://doi.org/10.1016/j.autcon.2021.103851. 

Volker, L. (2019) Just a little of that human touch: 
Towards a value-based ecosystem for delivering 
infrastructure services. University of Twente . 
Available at: 
https://ris.utwente.nl/ws/portalfiles/portal/201586728/I
naugural_lecture_L_Volker.pdf. 

Williams, M. and Moser, T. (2019) The Art of Coding and 
Thematic Exploration in Qualitative Research, 
International Management Review. 15(1), pp. 45-55. 

Yang, R. et al. (2020) Public and private blockchain in 
construction business process and information 
integration, Automation in Construction. Available at: 
https://doi.org/10.1016/J.AUTCON.2020.103276. 

Ye, X. and König, M. (2021) Framework for Automated 
Billing in the Construction Industry Using BIM and 
Smart Contracts, Lecture Notes in Civil Engineering. 
Available at: https://doi.org/10.1007/978-3-030-
51295-8_57. 

9



2024 European Conference on Computing in Construction 
Chania, Crete, Greece 

July 14-17, 2024 

A BLOCKCHAIN-BASED APPROACH FOR EMBODIED CARBON MANAGEMENT 

ALONG THE CONSTRUCTION SUPPLY CHAIN
K.L. Kuan1, Yuqing Xu1, Chengliang Zheng2, Jessica S.M. Chan3, Jack C.P. Cheng1, and Alexis K.H. Lau1

1The Hong Kong University of Science and Technology, Hong Kong, China 
2Wuhan University, Wuhan, China 

3MTR Corporation Limited, Hong Kong, China

Abstract 

Blockchain offers a potential solution to enhance 
transparency and trackability in carbon management, but 
limited research exists on its implementation in the 
construction industry. This study proposes a blockchain-
based approach for transparent and trackable carbon 
management in the construction supply chain to address 
concerns regarding data quality and confidentiality. A 
system was developed comprising off-chain carbon 
management and on-chain (public blockchain) storage, 
with technical highlights of: role-based access control for 
functionality, hierarchical hashing strategy for validation, 
and selective data disclosure before on-chain. The 
research's contributions include enhancing data quality and 
traceability for carbon assessments. 

Introduction 

The construction industry significantly influences global 
carbon emissions due to its energy-intensive processes, use 
of materials, and the operation of buildings (Sizirici et al., 
2021). Carbon emissions from the construction supply 
chain, referred to as upfront embodied carbon, are 
estimated to account for around 30% of construction 
projects' whole life cycle carbon emissions (Gan et al., 
2017). Therefore, how to manage and reduce carbon 
emissions from construction supply chains has become an 
urgent task in the construction industry. Although many 
practices and studies have been implemented to manage 
carbon emissions at the specific stage of the construction 
supply chains, it is still difficult to track carbon footprints 
along the supply chain. For one thing, the fragmentation of 
supply chains makes it difficult to gather consistent and 
accurate data on carbon emissions from each stage of the 
supply chain among multiple tiers of suppliers and 
subcontractors (Hijazi et al., 2021). For another, 
considering the wide scope of carbon emission data 
required during carbon assessment and tracking, 
stakeholders may find it difficult to access (Lai et al., 
2023). In that case, the data transparency is very limited 
both for internal carbon management along the 
construction supply chain and external supervision for 
sustainability disclosure, which hampers the ability to track 
carbon footprints effectively.  
As a promising technology, blockchain offers a possible 
and effective solution for the insufficient transparency and 
low trackability problems during carbon management 
along the construction supply chain (Turk et al., 2017). 
Blockchain technology is a decentralized and distributed 
ledger system that allows multiple parties to maintain a 
shared database without the need for a central authority. It 

is a chain of blocks, where each block contains a list of 
transactions or data (Hunhevicz et al., 2020). These blocks 
are linked together using cryptographic hashes, creating an 
immutable and transparent record of all transactions or data 
entries (Tao et al., 2022). With the help of blockchain, 
problems such as fragmentation, inefficient data-sharing, 
insufficient data transparency, and poor data trackability 
have been solved in many construction scenarios. Existing 
studies have explored blockchain's capability and 
feasibility in various construction scenarios, including 
construction payment transactions, construction 
information-sharing and collaboration during multiple 
project stages, and governmental supervision of 
construction work (Xu et al., 2023). However, there is 
limited research in the field of blockchain-based carbon 
management along the construction supply chain, 
especially focusing on the whole supply chain lifecycle and 
how to motivate all stakeholders to participate in such an 
innovative approach. During the interviews, it was noted 
that other challenges include concerns regarding data 
quality and sensitive information. Therefore, the two 
research questions in this research are:  

(1) How can blockchain technology integrate with
carbon management along the whole construction
supply chain?

(2) How can carbon data quality and privacy be
enhanced in the blockchain-based carbon
management system?

 This study aims to propose a blockchain-based approach 
for transparent and trackable carbon management along the 
construction supply chain for all stakeholders (suppliers, 
contractors, architects, and developers of the construction 
project) by developing a blockchain-based carbon 
management system. This approach covers all stages that 
will produce carbon emissions in construction supply 
chains (from material processing, transportation, and on-
site construction activities), which is consistent with the A1 
to A5 stages from the life cycle assessment identified in 
international standards. 

Related work 

Carbon management in the construction supply chain 

Carbon emissions from the construction supply chain, 
referred to as upfront embodied carbon, are estimated to 
account for around 30% of construction projects' whole life 
cycle carbon emissions. Under the urgent trends of global 
carbon reduction, the importance of carbon management in 
construction supply chains is increasingly recognized. 
A range of international standards have been developed 
and can be applied to assess and manage carbon emissions 
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in the construction industry, including carbon assessment 
and management in construction supply chains. The 
European standard, EN 15978, is commonly recognized for 
the assessment of the environmental performance of new 
and existing buildings based on a life cycle approach. This 
standard specifies the calculation method and multiple 
carbon calculation stages based on Life Cycle Assessment 
(LCA) and other quantified environmental information 
based on the building level. Especially, A1 to A5 stages of 
product sourcing and construction stage identified in EN 
15978 help assess carbon emissions from the construction 
supply chains, including sourcing, transportation, 
fabrication, and construction of all materials and products 
(British Standards Institution, 2011).  
Moreover, multiple carbon certification schemes for 
construction materials and products have also been 
implemented in the construction industry, targeting to 
control and reduce carbon emissions at the start of 
construction supply chain management (A1 to A3 stages). 
For instance, the carbon reduction label managed by the 
Carbon Trust in the UK is one of the earliest certification 
schemes in the world. Under this scheme, organizations are 
required to report environmental claims and detailed 
carbon-proof data to get the certified label of products. 
Similar practices can also be found in The Singapore Green 
Building Product Certification (SGBPC), and the 
Construction Industry Council (CIC) Green Product 
Certification scheme in Hong Kong.  
In academia, how to manage and reduce carbon emissions 
in construction supply chains to realize a green supply 
chain and improve its sustainability is also a hot topic. 
There are various research categories in the existing papers 
about carbon management in construction supply chains, 
including (1) green purchasing and procurement, (2) low-
carbon design and manufacturing of construction materials 
and products, (3) green logistics, and (4) construction 
waste management. Green purchasing and procurement 
mainly focus on evaluation schemes and strategies for 
material and product selection along the construction 
supply chains. Bagul et al. developed a sustainable 
sourcing strategy for mega-construction projects using the 
analytic hierarchy process (AHP) technique and a multi-
objective Goal Programming (GP) model, which has also 
been verified using a single construction megaproject case 
(Bagul et al., 2023). In the field of low-carbon design and 
manufacturing of construction materials and products, 
studies are focusing on how to design environmentally 
friendly construction materials and limit resource 
consumption during the production process of construction 
materials and products. For instance, Yang et al. developed 
a low-carbon design of an Ultra-High Performance 
Concrete (UHPC) by incorporating high-volume 
phosphorous slag (PS), which shows a promising approach 
to developing a cleaner building material with lower 
carbon footprints (Yang et al., 2019). Zheng et al. proposed 
a knowledge-based integrated product design framework 
to support low-carbon product development. Green 
logistics is another research field in carbon management 

along the construction supply chains. It aims to reduce 
carbon emissions during the delivery process of 
construction materials and products (Zheng et al., 2021). 
Chen et al. integrated building information modeling 
(BIM) and web map service (WMS) for the source 
selection of sustainable construction materials to reduce 
carbon emissions during the delivery (Chen et al., 2019). 
The carbon management of the recycling process of the 
construction supply chain is also studied in existing 
studies. Wibowo et al. proposed a measurement model to 
analyze the carbon reduction performance of recycled 
materials to support sustainable construction (Wibowo et 
al., 2017).  

Blockchain applications in the construction industry 

Blockchain is one of the most prominent types of 
distributed ledger technology (DLT) that allows all 
transactions to broadcast and operate on a distributed peer-
to-peer (P2P) network without a centralized administrator. 
It enables the secure and transparent recording of 
transactions and data. The blockchain transactions are first 
grouped together, validated by particular consensus 
mechanisms (e.g., Proof of Work, Proof of Stake) among 
all nodes, and finally added to a block in a specific order. 
Since the newly generated block links to the previous block 
by unique a hashing index, it is difficult to modify once a 
block is added (needs to modify all previous block indexes 
and value if want to change one block), which ensures the 
integrity and trackability of the recorded data (Scott et al., 
2021). Currently, blockchain's capability and feasibility 
have been discussed and validated in various construction 
scenarios, including construction payment and 
procurement, information-sharing and collaboration, 
construction supply chain management (including 
construction carbon management), regulations and 
compliance, and contract management (Li et al., 2021 a). 
For construction payment scenarios, blockchain-based 
payment systems can enable faster payments by 
eliminating intermediaries and self-executing smart 
contracts. A distributed blockchain-based framework that 
does not require trust to automatically enforce the terms 
and conditions related to interim payments was proposed 
by Das et al., aiming to facilitate payment transparency, 
enforce conditions of interim payments, and automatically 
record payment cycles (Das et al., 2020). Similarly, to 
avoid the risks and disputes caused by slow payments 
among construction stakeholders, an autonomous payment 
administration solution integrating blockchain-enabled 
smart contracts and robotic reality capture technologies 
was proposed by Hamledari et al., which can automatically 
transfer cryptocurrencies by smart contracts after finishing 
phased work (Hamledari et al., 2021). 
Blockchain technology has also been applied in the single 
stage or multiple stages of construction projects, such as 
design, construction, and maintenance, for information 
sharing and stakeholder collaboration to enhance 
construction data transparency, reliability, and trackability. 
For example, a blockchain-based prototype system was 
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developed and evaluated to address the challenges of 
design liability control and information security during the 
construction design process (Pradeep et al., 2021). For the 
construction stage, a blockchain-based verification 
framework of adequate scaffolding was proposed for onsite 
inspections, aiming to make the onsite operations safer 
(Baek et al., 2020). 
Among the above blockchain applications in the 
construction industry, blockchain-integrated construction 
supply chain management is one of the most popular 
research directions across multiple project stages. Recent 
studies have illustrated blockchain-enabled construction 
supply chain management via case studies. Wang et al. 
proposed a blockchain-based information management 
framework for precast supply chain information-sharing, 
real-time controlling, and status tracking, and a case study 
was used to validate the performance of the proposed 
framework (Wang et al., 2020). Moreover, Lu et al. 
developed a smart construction objects-enabled blockchain 
oracles framework to bridge the on-chain and off-chain 
worlds, which was examined in the context of off-site 
logistics and on-site assembly services (Lu et al., 2021). 
Some studies in this field also integrated blockchain with 
other digital technologies such as BIM and IoT to improve 
the performance of construction supply chains. For 
example, Wu et al. linked a permissioned blockchain to the 
Internet of Things (IoT)-BIM platform for off-site 
production management in modular construction by 
providing better information visibility, traceability, and a 
more collaborative working environment (Wu et al., 2022). 
For construction carbon management, blockchain's 
potential to facilitate carbon data transparency and 
traceability has been examined in both carbon 
quantification and assessment. Rodrigo et al. explored the 
potential application of blockchain for accurate embodied 
carbon estimation in construction supply chains and 
developed a data model for the blockchain-based embodied 
carbon estimator for construction (Rodrigo et al., 2020). 
Recent literature has developed several theoretical 
frameworks for blockchain-enabled carbon management. 
For instance, Wang et al. proposed a conceptual framework 
integrating blockchain, supply chain, and environmental 
performance, which suggests using blockchain to enhance 
supply chain management and reduce carbon emissions 
(Wang et al., 2020). A blockchain-based identification and 
coordination framework was designed by Wang et al. 
based on a specific multi-tier supply chain for sustainable 
supply chain management, aiming to ensure compliance 
with sustainability standards in construction supply chains 
(Wang et al., 2023). Liu et al. proposed a conceptual 
framework integrating blockchain as a carbon management 
tool to achieve transparent carbon footprint disclosure 
during product certification and supply chain management 
(Liu et al., 2019). Moreover, Xu et al., developed a more 
detailed and implementable blockchain-based framework 
for the embodied carbon certification of construction 
materials and products, which was validated via real 
certification cases (Xu et al., 2024).  

Some other blockchain-based applications in the 
construction field can also be found in construction 
supervision (Li et al., 2021 c), and contract management 
for solving contract disputes and claims (Li et al., 2021 b). 
In summary, blockchain technology has already been 
implemented in many construction cases with different 
objectives, such as increasing data transparency, enhancing 
mutual trust, and facilitating tracking functionalities. 
However, existing blockchain-integrated research mainly 
based on less decentralized solutions without transparency 
to the public, and there is limited research about sufficient 
transparency and traceability of upfront embodied carbon 
management among all stakeholders along construction 
supply chains. 

Methodology 

The research methodology employed in this study is based 
on the Design Science Research (DSR) method, which 
facilitates problem-solving activities as depicted in Figure 
1. The research problems and objectives were identified
through an extensive literature review of existing studies
on carbon management in construction supply chains and
blockchain-based applications, as well as through
interviews conducted with stakeholders across the
construction supply chain. Once the research problems
were identified, the system framework and workflow of the
blockchain-based system were developed. This entailed
creating a model diagram that showcases the key
components and a process diagram that illustrates the
system workflows among different stakeholders.
Subsequently, a system prototype was developed, tested,
and demonstrated through a real-life case study, enabling
the recording and tracking of carbon footprints along the
construction supply chain. The final two steps of this study
involve the evaluation of the system and its practical
assessment through communication with relevant
stakeholders.

Figure 1: Research methodology in this study 
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System requirement analysis 

Interview results for system requirements 

We conducted interviews with one supplier, two 
contractors and one developer to gain insights into the 
industry practices related to embodied carbon practices. 
We also sought their opinions on the proposed blockchain-
based carbon management system. The interview questions 
are provided below: 

1. How does your company collect and store carbon-
related information/data for a project? For
instance, what types of data are collected, how is
data collected from different parties, who is
responsible for inputting the data, and how is the
data stored?

2. Does your company have any concerns about
using a blockchain-based carbon management
system for tracking carbon-related data in the
construction supply chain?

Based on the interviews, it is noted that only a few 
stakeholders have a practice of collecting and tracking 
embodied carbon data in their projects, such as having a 

centralized procurement system and an online centralized 
database for storing data. The stakeholders also expressed 
concerns regarding data quality and sensitive information 
(e.g., the design formula of the product, total quantity and 
inventory sources). Besides, they expressed expectations 
for the system to support data sharing throughout the 
project and industry (e.g., project emission factor), and 
facilitate the establishment of industry benchmarks.  

System design 

The research primarily focuses on the integration of 
blockchain technology with carbon management across the 
entire construction supply chain to enhance the quality and 
traceability of embodied carbon data for more accurate 
carbon assessments. In our blockchain-based carbon 
management system, the stakeholders involved are 
developers, architects, consultants (such as structural 
consultants and carbon consultants), contractors (such as 
foundation contractors and main contractors), and product 
suppliers (such as concrete and steel suppliers). The 
contractor and supplier are further categorized into general 
staff and senior staff for different roles in the system. The 
system framework is referenced in Figure 2.

Figure 2: System framework 

The proposed system framework provides the traditional 
off-chain carbon management functions, encompassing 
user registration and data input. Within this system, all 
stakeholders should register a unique account in the 
blockchain and carbon management system with their 
respective identities. Additionally, the architect creates a 
project account in the system. Under normal 
circumstances, the general staff of the contractors and 
product suppliers will be responsible for data input based 
on their respective roles in the project. Carbon data input 
parameters are divided into three groups based on the 
building life cycle: Materials in New Construction (A1 - 
A3), Upstream Transportation (A4), and Construction Site 

Activities (A5). These parameters include raw materials, 
origin, emission factors, material quantities, and 
transportation modes and distances. The BIM material 
take-off function is utilized to extract information for the 
input of A1 – A3, which covers material specification and 
quantity. 
To make carbon footprints transparent, reliable, and 
trackable, the proposed blockchain-based system 
framework entails an on-chain smart contract and public 
blockchain storage for data recording and output. A 
decentralized database with self-executing smart contracts 
is utilized to store significant project information and 
carbon emissions data. In addition to the previously 

13



mentioned hash value of validation process data, the 
system also records and generates output data on a project 
basis and company basis. This includes details such as the 
project address, product emission factor, product quantity, 
monthly carbon emissions, total emissions in Materials in 
New Construction (A1 - A3), Upstream Transportation 
(A4), Construction Site Activities (A5), and the overall 
project emissions. These data serve various purposes, such 
as facilitating carbon management throughout the 
construction period, preparing sustainability reports, and 
establishing benchmarks. By storing data on the 
blockchain, it becomes immutable and can be easily shared 
with the project team and the public for enhanced 
traceability and transparency. 

Technical Specification 

There are three technical highlights of this carbon 
management system:  
• Role-Based Access Control For Functionality: Every

stakeholder has a clearly defined role and
functionality within the carbon management system.
The levels of power within the system, listed in
descending order, are as follows: The Developer
holds the highest level, followed by the Architect,
Consultant, Contractor, and Supplier, while within
each level, the Senior Staff holds a higher position
than the General Staff. For example, in the context of
the carbon management system being applicable to
the industry rather than a single company, ensuring
proper access control for individual and project
accounts becomes crucial. Therefore, during user
registration and project initialization, only the
Architect has the authority to create projects in the
system and to add, edit, or delete the accounts of
Developers, Contractors, and Consultants. The Senior

Staff, on the other hand, can add, edit, or delete the 
accounts of General Staff members. Furthermore, in 
the system view, the Contractor has the right to create 
and view all inputted carbon information, while the 
Developer is limited to viewing only the total carbon 
emissions data. 

• Hierarchical Hashing Strategy For Validation: Data
quality is a significant concern for stakeholders. In
order to enhance the quality of carbon data, a
validation process consisting of three hash values is
implemented within both a company and a project
team. The first value represents the original carbon
data, the second value corresponds to the validation
process executed by the first designated stakeholder
(e.g., senior staff of the supplier reviewing and
validating the input data provided by the general staff
of the supplier), and the third value represents the
validation process executed by the second designated
stakeholder (e.g., after the senior staff of the supplier
validates the input, the senior staff of the contractor
further reviews and endorses the data). These three
hash values, associated with the validation process
data, are then stored in the blockchain.

• Selective Data Disclosure Before On-chain: Once the
data has been validated, stakeholders who are
concerned about sensitive data disclosure have the
right to choose whether to disclose or encrypt the data
before uploading it to the blockchain and sharing it
with the public. For example, if the supplier has
reservations about disclosing the product design
formula, the senior staff of the supplier can opt to
encrypt this information while disclosing other
carbon data such as product specifications and
emission factors.

Figure 3: Operational Workflow (Green - User/Project Initialization; Blue – Data Input; Orange – Validation 

Process; Purple - Smart Contracts and Public Blockchain)
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Operational Flow 

In order to have a comprehensive understanding of the 
system, an operational workflow process is presented in 
Figure 3. Firstly, the architect initiates the creation of a 
project account and inputs the project information, as well 
as adds the relevant stakeholders (e.g., developers and 
contractors) within the project account. Additionally, the 
contractor adds the product suppliers, while the senior 
staff of the supplier/contractor includes their respective 
general staff in the project. Secondly, the general staff of 
product supplier and/or contractor input the carbon data 
into the information management system. Once the data 
is ready, their senior staff will review and validate the data 
before submitting it to the upper-level party for further 
validation. Thirdly, following the data validation process, 
the senior staff of the product supplier/contractor can 
choose specific data for encryption and subsequently 
upload it to the blockchain. This upload includes the three 
hash values associated with the validation process data, as 
elaborated in the previous section. Lastly, the developer 
possesses the final authority to select data pertaining to 
the total project and company emission for encryption and 
subsequently uploads it to the blockchain. 

Implementation and results 

System development 

Figure 4 shows the system development details. First, a 
front end was developed for different users to collect 
carbon emission data via the web browser. A blockchain 
wallet tool called Metamask was used in this study to 
manage user blockchain accounts and provide methods to 
sign blockchain transactions during token transfer. At the 
backend, we use Alchemy to build the blockchain 
environment and provide the blockchain infrastructure. 
Considering this study aims to make carbon management 
along construction supply chains more transparent and 
directly assist with carbon data disclosure, Ethereum, a 
public blockchain platform, is thus used in this study to 
realize blockchain functions with smart contracts. For 
data storage, we use the integration of traditional 
databases and blockchain databases for safety and 
transparency. The traditional database is used to store 
original carbon emission data provided by all users. The 
blockchain transactions store and disclose all public 
carbon data transparently. At the same time, confidential 
carbon data for each party will also be stored on the 
blockchain after hash processing to satisfy the user's need 
to track their own carbon data through the blockchain-
based carbon management system. 

Figure 4: System development details 

Result demonstration – User interface of input 

parameters 

As mentioned previously, the DSR method is used as the 
research methodology in this study, consisting of six steps 
covering 1) problem identification, 2) definition of 
objectives, 3) design and development, 4) demonstration, 
5) evaluation, and 6) communication. Based on the
research progress, the study is currently at the stage of
system design and development, with the user interface of
input parameters being presented in this section. The input
parameters consist of two main categories. The first
category is the project information (e.g., site address,
construction floor area) and project team information
(e.g., names of stakeholders and their corresponding
blockchain accounts), which are input by the architect.
The second category is the upfront embodied carbon-
related data, which covers the A1 - A5 modules of the
building life cycle (from raw material extraction to the
construction stage). This category is further divided into
three groups based on the building life cycle and the
parties responsible for inputting the data (i.e., product
suppliers and contractors) for the substructure and
superstructure stages. Figure 5 displays the extracted user
interface of the input parameters.

Figure 5: User interface diagram – carbon data related to raw 

materials and transportation emission 

1. Materials for constructing new buildings

(permanent and temporary): This group includes
emissions from raw material extraction (A1),
transport to manufacturing (A2), and
manufacturing (A3). The data includes product
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information (e.g., product category and 
specifications), raw material emission data (e.g., 
emission factors, material consumption), 
transportation emission data (e.g., origin, 
transportation mode, fuel emission factors, and 
consumption), and manufacturing emission data 
(e.g., manufacturing process type and the fuel 
used). 

2. Upstream transportation and distribution: This
group includes emissions from A4 (transport to
site) only, which refers to emissions from
transporting products and materials from
manufacturing plants to the project site. The
input data is similar to the transportation
emissions data in group 1 (e.g., transportation
mode and distance).

3. Construction site activities: This group covers
emissions during the construction of the
building(s). The data includes emissions from
fuel and energy-related activities (e.g.,
electricity, town gas, refrigerant, welding, and
flame cutting) and waste generated during
operations (e.g., landfill, public fill, metal, and
timber recycling).

Conclusions 

Carbon footprint management, especially carbon 
tracking, is complex along the construction supply chain 
due to the lack of accurate data collection and sufficient 
data transparency. Blockchain provides a potential and 
effective solution to enhance transparency and 
trackability issues in carbon management across the 
construction supply chain. However, there is limited 
research in the field of blockchain-based carbon 
management along the construction supply chain, 
especially focusing on the whole supply chain lifecycle 
and how to motivate all stakeholders to participate in such 
an innovative approach. Therefore, this study proposes a 
blockchain-based approach for transparent and trackable 
carbon management along the construction supply chain 
for all stakeholders by developing a blockchain-based 
carbon management system. The research methodology 
employed in this study is based on the Design Science 
Research (DSR) method based on (1) the literature review 
results of existing research about carbon management in 
construction supply chains and blockchain-based 
applications and (2) industry interview feedback from 
stakeholders along the construction supply chain. Based 
on the system requirement analysis results, a blockchain-
based carbon management system is designed and 
developed, which consists of an off-chain traditional 
carbon management method and an on-chain (public 
blockchain) storage. There are three technical highlights 
of this carbon management system: role-based access 
control for functionality, hierarchical hashing strategy for 
validation, and selective data disclosure before on-chain. 
This research mainly contributes to enhancing the quality 
and traceability of embodied carbon data for more 

accurate carbon assessments by using blockchain during 
construction supply chain management. In the future, we 
intend to improve the system development and test the 
system by inviting more industry stakeholders to provide 
feedback. 
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Abstract 
Biodiversity is crucial in sustaining all life on earth. 
However, extinction of species critical to the functioning 
of our global ecosystem is a direct threat to biodiversity. 
The built environment in its urban forms is one of the 
biggest causes of biodiversity loss through the 
exploitation of finite resources and land use on which it 
sits. In this paper we consider the application of 
blockchain to create new forms of incentivisation and 
governance for maintaining and increasing biodiversity in 
cities at the intersection of co-design, blockchain, 
biodiversity, and design and planning, and propose 
directions for future research on this topic.  

Introduction 
Biodiversity is “the variety of life on Earth and the natural 
patterns it forms” (Convention on Biological Diversity, 
2009, para. 1). Such variety of species is critical to the 
functioning of the earth’s ecosystem (Duffy, 2009). 
However, extinction of species is accelerating faster than 
ever in human history (WEF, 2020) threatening this 
variety. Biodiversity loss is reported as fourth in the top 
five global risks to humanity regarding likelihood and 
third regarding impact (WEF, 2020). Rockström et al. 
(2009) estimated three planetary boundaries (biodiversity 
loss, climate change, the nitrogen cycle) that sustain the 
Holocene and safe operating space for humanity are 
already exceeded. Global urbanisation, “the process of 
anthropogenic transformation of wildlands to the built 
environment where people live and work” (2021, p. 125), 
has accelerated these changes; since 1950, human activity 
has resulted in more energy use than the entire 11,000 
years of the previous Holocene (Elmqvist et al., 2021). As 
the planet deals with several crises centred on climate 
change, pollution, biodiversity loss (UN, 2023), and a 
clash between finite resources and an increasing 
population (Scheel et al., 2020), a fundamental shift is 
essential in the relationship between humanity and nature 
to solve these problems (UN, no date). Being more 
sustainable is part of the solution, yet not enough is being 
done to prevent the disastrous impacts they bring (Abbass 
et al., 2022). 
The aim of this paper is to establish directions for research 
to investigate the extent to which blockchain technologies 
and smart contracts can be used to create new forms of 
incentivisation and governance for maintaining and 
increasing biodiversity in cities. The project will focus 

specifically on cities as the areas causing most of the 
biodiversity loss across the planet through urbanisation 
(Kirk et al., 2021) and with a spotlight on the urban design 
and planning phase of the construction lifecycle where the 
decisions about biodiversity would have the most impact. 
In the next section, the methodology for conducting the 
research for this paper is outlined, then literature on the 
role of design and planning in constructing the built 
environment is reviewed. Blockchain as a socio-technical 
system is presented with consideration to its possible use 
to govern and incentivise the increase of biodiversity in 
cities. This is done by analysing literature at the 
intersection of biodiversity, blockchain and construction 
through a socio-technical lens. Next, future directions for 
this research project are discussed before concluding the 
paper in the final section.  

Methodology 
In Figure 1 below, the three areas of research interest for 
this project are shown. There are existing studies at the 
intersections for two components (e.g., UB and BCT; UB 
and BE, BCT and BE). However, there is very little 
research sitting at the centre where all three interest areas 
intersect (i.e., UB, BCT and BE).  

Figure 1: Intersection of research interests 

To fill this gap, this paper took an inductive approach to 
conduct a traditional literature review to establish what is 
known at the intersections between two or three of the 
themes above. Given that there is little research at the 
intersection of all three, the paper suggests directions to 
fill this gap based on a synthesis of what is currently 
known.  

Literature Review 
The built environment’s impact on biodiversity 
The construction sector is responsible for constructing 
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and maintaining the built environment necessary to 
maintain human life. However, it is also “known to be the 
highest contributor” to climate change (Oguntona and 
Aigbavboa, 2019, p. 513). Cities are essential to withstand 
the increase in population density but rapid expansion of 
urban areas are associated with resultant biodiversity loss 
(Uchida et al., 2021). Through excessive resource use and 
adaptation of the land, construction can damage natural 
habitats jeopardising wildlife and plants. Thus, 
construction has a responsibility to protect sites and 
minimise damage to ecology.  However, understanding of 
biodiversity in the sector is poor (Woodall and Crowhurst, 
2003) and “is often viewed as an afterthought or final 
addition once an urban development nears completion” 
(Kirk et al., 2021, p. 1). Biodiversity loss has critical 
consequences for the human race caused by current 
methods of production and overconsumption that could 
see the failure of food systems, collapse of healthcare 
systems and see whole supply chains disrupted (WEF, 
2020). This creates an imbalance of the ecosystems that 
sustain clean air, water and all life on earth (WEF, 2020). 
The sector uses a substantial amount the world’s resources 
from extracted materials, to global water and energy 
supplies, whilst being one of the highest contributors of 
greenhouse gasses (GHG) (Wieser et al., 2019). It 
contributes heavily to the generation of waste and 
reduction of global ecological integrity, as well as 
buildings and infrastructure having a long-term 
environmental footprint (Oguntona and Aigbavboa, 
2019). Cities are of strategic importance to the “global 
governance of climate change” and limiting global 
warning to only 1.5°C (Bulkeley, 2022, p. 266). It hinges 
on the ability to redress planetary limits and boundaries 
through reshaping urbanisation (Elmqvist et al., 2021). 
An estimate puts global temperature increase at 4 degrees 
by 2100 if governments and the construction sector 
continue current policies and practices, thus, municipal 
level decisions are critical to limit the temperature rise to 
1.5°C (Miller, 2020).  

The role of design and planning in construction 
Construction needs to be more sustainable utilising “a 
sociotechnical approach, [that] underpins the principle of 
sustainable development” (Medaglia and Damsgaard, 
2020, p. 3). This can be done in part by moving toward a 
co-design approach that involves citizens in municipality-
level decisions that feed into the design and planning 
phase of the project lifecycle. Such a concept gaining 
attention in the creation of the built environment is 
regenerative design. This positions citizens as both co-
creators and contributors of earth’s ecosystems moving 
beyond the current mindset of resource exploitation 
without consideration of the consequences (Wang et al., 
2023) where quality of life is put before economic growth 
(Axinte et al., 2019).  Camrass (2022) states that urban 
planners and designers are in a unique position to drive 
forward the regenerative agenda.   
Miller (2020) writes about true democracy taking place in 
Canadian cities where citizens are regularly engaged with 
and are part of decision-making at municipality levels 

regarding urban planning. Joachain and Klopfert (2011) 
discuss two complementary currency programmes as 
policy instruments as follows: NU-Spaarpas was a loyalty 
card scheme in partnership with independent shops in 
Rotterdam, The Netherlands to promote greener 
consumption and behaviour from citizens. E-
portemonnee based in Overpelt, Belgium focused on 
promoting sustainable behaviours by rewarding 
sustainable actions of citizens. This demonstrates the 
appetite and necessity for community engagement in 
promoting more sustainable practices in cities.  

Blockchain 
Blockchain is rooted in a desire to challenge central elites 
and associated power structures by offering a transparent, 
traceable, decentralised and distributed ledger (Ekblaw et 
al., 2016) that can record anything of value (Mathews et 
al., 2017). Its decentralised network of computers stores a 
common ledger and agrees on the truth of transactions 
recorded on the chain via an algorithmic consensus 
mechanism. Transactions are recorded on a chain of 
blocks where each one engulfs the previous blocks' 
cryptographic hash. It offers security and privacy based 
on its append-only nature while its immutability provides 
a single source of truth (Hijazi et al., 2022).   
Blockchain has been identified as a socio-technical 
system by several scholars (Shin et al., 2022; Li, 2023; 
Selvanesan and Satanarachchi, 2023) who acknowledge 
society as central to its utility; consideration of this 
dimension key to its successful adoption. It gave rise to 
cryptoeconomics – applying cryptography to economic 
systems for new forms of organisational business models 
and commons frameworks (Brekke and Alsindi, 2021) – 
comprised of computer engineering, economics and game 
theory (Brekke, 2021). Smart contracts are programmable 
pieces of code that can run on a blockchain and self-
execute based on pre-defined logic offering automation to 
create efficiencies and increase productivity without 
human intervention. They can facilitate the creation of 
powerful, domain-specific decentralised applications (Ye 
et al., 2022). There is concern of the high energy 
consumption of blockchains, however, this is a 
misconception for it is applicable only to early 
blockchains that use the proof-of-work (PoW) consensus 
mechanism. Alternatives such as proof-of-authority, 
proof-of-burn, proof-of-capacity and others are very 
energy efficient (Lashkari and Musilek, 2021). For 
example, Ethereum originally ran PoW but changed to 
proof-of-stake in 2022 to consume 99.9% less energy 
equating to a megaton of carbon weekly (Kessler, 2022). 

Blockchain as an incentive and governance tool 
Several studies have considered blockchain for incentive 
and governance systems. Wang et al. (2023) discuss 
blockchain’s potential to govern information, procedures, 
ownership and values of a regenerative built environment. 
Zhao et al. (2023) present a blockchain-based token 
incentive mechanism for environmental, social, and 
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governance (ESG) performance to be used by 
organisations to attract investors, issue dividends, grant 
access to products and services, and allocate voting rights. 
The integration of blockchain, BIM, artificial intelligence, 
machine learning, building energy management systems 
and life cycle assessment is proposed by Desmond and 
Salama (2023) to manage energy usage of buildings. 
Incentives lie in the trading of stored energy, and smart 
contracts facilitate tax relief to buildings meeting 
sustainability objectives. Dounas et al. (2022) present a 
cryptoeconomics-based incentive system centred on 
architectural design governance connecting building 
performance and carbon reduction with financial 
incentives. Incentivising better than net-zero energy 
buildings are proposed by O’Reilly and Mathews (2019) 
by storing excess energy generated by solar panels and 
selling it as a commodity. This incentivises designers to 
optimise building performance and occupants to behave 
energy efficiently.  
Beyond sustainability-related research, blockchain 
tokenisation can incentivise changes in human behaviour 
through decentralisation and offering multidimensional 
payment systems against today’s one-dimensional 
monetary system (Hunhevicz and Hall, 2020). Hunhevicz 
et al. (2021) employ cryptoeconomics to incentivise 
lifecycle performance rewarding parties based on 
performance-based contracts. Green Coin, a blockchain-
powered social currency, incentivises citizens to 
exchange urban waste via a tradable cryptocurrency that 
can be used in local shops in a Brazilian municipality 
(França et al., 2020). It helps low-income families, 
supports awareness of correct ecological behaviours of 
citizens, reduces landfill waste, and improves health 
through reduction of fatal diseases such as dengue and 
zika. A survey on blockchain-incentivised applications 
across transport, energy and recycling in smart cities is 
presented in Kahya et al. (2021). Finally, in Marsal-
Llacuna (2018), blockchain forms the basis of a 
governance and incentive system to facilitate 
prioritisation and submission of citizens needs to 
municipalities leading to the development of bottom-up, 
citizen-centric masterplans connected to urban codes 
(e.g., polices, planning, regulations).  

Blockchain and biodiversity in research 
There are few studies that focus on blockchain and 
biodiversity and none that intersects with construction. A 
blockchain-based biodiversity value chain is being 
developed to manage the unregulated exploitation of 
indigenous natural habitats (Bose et al., 2019). 
Blockchain is used in food supply chains to conserve 
biodiversity through incentivising sustainable practices in 
agriculture and food waste (Kafi et al., 2023). A literature 
review finds blockchain can support sustainable forestry, 
minimise illegal logging and help conserve biodiversity 
(He and Turner, 2022). The co-design of inter-species 
relations based on programmable cryptocurrency creates 
“cities’ transition towards Post-Anthropocene for cross-
species bio-digital coliving” facilitated by blockchain 
(Davidova and McMeel, 2020, p. 338). Beyond academic 

literature, Greener Tokens (2023) is an initiative that aims 
to connect companies to restorative finance (ReFi) to 
protect the Brazilian rainforest. They offer carbon 
emissions offsetting, ESG project management, and 
environmental consulting. They avoid greenwashing 
through their governance framework to ensure true 
protection of biodiversity. Funded by the Inter-American 
Development Bank (IDB), the design of digital tokens for 
a biodiversity innovation challenge aims to preserve 
natural capital and biodiversity in Colombia, Ecuador, 
Peru, and Trinidad and Tobago (IDB, 2023). Crypto 
Altruism (2023) discusses ways in which preservation of 
natural capital can be incentivised through tokenisation 
(e.g., carbon offsetting, fractional ownership, 
preservation of endangered species and the surrounding 
habitats). Token Kitchen is exploring the preservation of 
endangered African Forest elephants that support carbon 
capture and sequestration in the surrounding forests that 
incentivises locals by issuing tokens upon proof they are 
maintaining natural habitats (Voshmgir, 2021). Czura (no 
date) presents three applications: issuing Green Bonds to 
give investors more control over how their money is 
invested; TreeCycle that promotes eucalyptus tree 
planting in Paraguay where investors receive 40% of 
profits at harvest, 10% goes to local charities and 50% is 
reinvested into replanting; and the promotion of more 
sustainable supply chains (e.g., in aquaculture) with a 
blockchain-based trusted chain of provenance data. 

Giving agency to nature, individuals and ‘things’ 
Can blockchain give agency to nature, individuals and 
‘things’ where a thing could be an inanimate object, a 
system or whole ecosystem? In Athens, Georgia in the 
United States, there is a ‘Tree That Owns Itself’ where it 
was gifted its ownership by the owner of the land upon his 
death (Figure 2).  

Figure 2: A plaque to commemorate The Tree That Owns 
Itself, “For and in consideration of the great love I bear this 

tree and the great desire I have for its protection for all time. I 
convey entire possession of itself and all land within eight feet 

of the tree on all sides – William H. Jackson” (The 
Treeographer, 2018) 

In a legal sense, the tree does not own itself but nobody 
disputed the self-ownership and so it was accepted. Upon 
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the death of the Tree That Owns Itself, an acorn from the 
original tree was planted in its place where a new oak tree 
now stands; it is known as ‘The Son of the Tree That 
Owns Itself’ (The Treeographer, 2018). While this might 
be difficult to comprehend on a boarder scale, there is 
research ongoing that allows assets to own themselves in 
the form of no1s1, a blockchain-based project of a self-
owned meditation pod at ETH Zurich facilitated by a 
decentralised autonomous organisation (DAO) (J. 
Hunhevicz et al., 2021). The University of Edinburgh’s 
BitBarista project is a coffee machine that accepts 
payment in bitcoin before administering a coffee to the 
user and pays people in bitcoin for servicing the machine 
(e.g., refilling water, cleaning). Individuals buying coffee 
answer questions about what they want such as high 
quality, low price, sustainable coffee and so on, the data 
for which determine the type of coffee BitBarista then 
automatically orders for itself (McMeel and Sims, 2020).  
The challenge of giving agency to nature is that nature is 
limited in its ability to demonstrate intent. According to 
Schlosser (2019, p. 1), “an agent is a being with the 
capacity to act, and ‘agency’ denotes the exercise or 
manifestation of this capacity”. Equally, an inanimate 
object such as a meditation pod is also limited in its ability 
to demonstrate intent given its lack of consciousness. The 
DAO is encoded with a set of rules determined by the 
creators of the pod (i.e., researchers at ETH Zurich). This 
is of course different to, for example, plants and animals 
that have inherent intent within the natural order of the 
ecological system around us, whereas with no1s1 and 
BitBarista, the logic is decided by the humans who created 
it, whose inherent intent is arguably different.   
BitBarista is an example of “devolved decision-making” 
(McMeel and Sims, 2020, p. 215) that we could also call 
co-design where decisions are made based directly on 
users’ wants, needs and means. This new form of business 
model can challenge existing hierarchical decision-
making systems that typically benefit the few profiting 
from those decisions. Smart contracts and be explored for 
their ability to facilitate agency for nature and things; the 
challenge will lie in who is given the task and 
responsibility for establishing intent that is for the greater 
good and not the profiteering few. 

Consolidation of the literature 
Consolidating the above literature, the built environment 
is one of the biggest exploiters of the world’s resources 
causing substantial biodiversity loss. Current efforts to 
reduce the negative impacts are insufficient. Therefore, 
new governance and incentive mechanisms are required 
to achieve lasting positive impact. Regenerative design 
aims to bring together different components of the urban 
ecosystem across the environmental, social and cultural 
domains with a view to leave the built environment in a 
better state than it was found. Blockchain could be a 
solution to bring these elements together as demonstrated 
by research and initiatives looking to leverage 
cryptoeconomics for behavioural change. The current 
efforts of applying blockchain to tackle issues of 
biodiversity focus on indigenous forests and habitats, and 

financial incentives, with very little focus on the urban 
complex of cities. The subsequent sections consider what 
can be done through this research project to address some 
of these challenges.   

Future research directions 
In this section, future directions for this research project 
are considered through the lens of the socio-technical 
framework as set out below. Then it considers initial gaps 
identified in the literature, and challenges and constraints 
that will form the focus of the future research before 
discussing the proposed outcomes. 

A socio-technical perspective 
A socio-technical framework for implementation of 
blockchain in construction will form the basis of the 
theoretical underpinnings for this research project. The 
framework (Li, 2023) consists of a set of tools and models 
to support analysis, understanding and implementation of 
blockchain in construction applications. Its four 
dimensions of technology, process, policy and society 
acknowledge the importance of technology whilst giving 
equal attention to the surrounding ecosystem ensuring any 
application is developed with a focus on meeting the 
needs at the social level where benefits are realised.  
Technology considers the hardware, software, networks, 
infrastructure and technological integrations of 
blockchain-based systems; process considers how 
blockchain will integrate into existing organisational 
processes and the changes required to adopt blockchain at 
an enterprise level; policy focuses on the regulatory 
environment surrounding blockchain-based applications 
regarding standards, laws, compliance etc.; and society 
addresses the impact of blockchain applications on its 
users and the social environment where benefits will be 
realised.  
Research on blockchain in construction has accelerated in 
recent years (Li and Kassem, 2021) to propositions of use 
cases across the built environment with plentiful proof-of-
concepts and a handful of applications demonstrated in 
the ‘real-world’. It is now time to focus the framework on 
achieving real change not just for the built environment, 
but for the betterment of humanity. In this paper, an initial 
evaluation of blockchain’s ability to address the state of 
urban biodiversity is made. In later work, the framework 
in its entirety will be applied to better understand the 
challenges and provide solutions.   
Technology: The literature reviewed in this paper has 
shown the potential of blockchain technologies to 
facilitate incentive and governance mechanisms that can 
be directed toward biodiversity. This has been shown by 
conservation of forests and biodiversity outside of the 
urban complex (e.g., He and Turner, 2022; Kafi et al., 
2023) plus establishment of the several tokens focused on 
biodiversity in the previous section. The next step is to 
consider the added complexities of biodiversity 
maintenance and increase in cities and evaluate how the 
use of blockchain and smart contracts can facilitate the 
integration of co-creation in the design and planning 
phase of constructing the built environment. 
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Process: From a process perspective, such a re-
conceptualisation as co-creation requires re-thinking at 
several levels including citizen, municipal, and 
government as well as an understanding of incentives and 
governance models for urban planners, architects and 
designers. The organisations integrating blockchain 
technologies and implementing new business models will 
need to be aware of the implications blockchain has on 
existing systems and consider how existing processes will 
need to adapt or be replaced by new ones. The financial 
implications of new technologies and business models 
requires consideration so it is not a barrier to adoption, for 
this will be a challenge at all scales from micro to meso 
and macro.  
Policy: Policy will be central to the blockchain-based 
maintenance and increase of biodiversity at the city scale. 
It is hoped the future findings of this research will inform 
policymakers on the benefits the application of 
blockchain can bring to the table. Part of the philosophy 
of an underpinning blockchain system is the rationale that 
policy and regulatory frameworks are partly shifted on-
chain (i.e., to the computing protocol). As such, diligent 
care needs to be taken on forming the policies that drive 
the design of the blockchain and related smart contracts. 
A key question that would be interesting in the 
formulation of such policy is the governance rights that 
might be attributed to nature itself. Other researchers have 
raised the question as well. However, the use of a 
particular question as a case study might help us make 
inroads into forming such policy, even outside the 
blockchain frame. Beyond policy, of course, there is also 
the issue on how nature might be able to exercise such 
rights, so it is not only a question of agency but also of 
practical execution of such agency. 
Society: Biodiversity has implications for humans that 
make up society. Unfortunately, the activities that we as 
humans have become accustomed to, to live comfortably 
and enjoy day-to-day living have negative effects on the 
environment and result in biodiversity loss. For 
blockchain as an initiative to incentivise and govern 
biodiversity maintenance and increase requires: a) 
acceptance of blockchain as a facilitator, and b) 
comprehensive participation of citizens in the co-design 
process to achieve this. This requires establishing what 
the role of citizens will be in maintaining and increasing 
biodiversity at the city scale. It is a departure from today’s 
limited participation in municipal governance so will 
require adjustments from both citizens and municipalities. 

Initial gaps in the literature 
While there is literature on blockchain-based incentives 
and blockchain-based governance, the biggest gap lies in 
a general lack of research on biodiversity at the city scale 
facilitated by blockchain. While the initial motivation for 
this research lies with the increase of biodiversity without 
a specified utility, there might also be another unexpected 
shift that can directly benefit the economy and production 
of the built environment. This is the fostering of an 
environment where bio-based materials and bio-based 
processes for construction are being adopted within 

frameworks of the circular economy. An increase in 
biodiversity could be coupled with an increase of more 
readily available bio-based construction materials, 
directly contributing to the circular economy of the built 
environment, not only in the financial sense but also in the 
ecological sense (i.e., in a systemic change).  

Challenges and constraints 
While the challenges and constraints of blockchain-based 
governance and incentive mechanisms to maintain and 
increase biodiversity at the city scale are scattered 
throughout this paper, this section brings them together to 
concretise the focus of the wider research project going 
forward.  
• Acceptance of blockchain as a viable solution is

required, acknowledging that selling ‘blockchain’ as
the underpinning technology is not the way to do this.
The benefits brought about by building on blockchain
platforms will offer new propositions, business
models, and revenue streams that can be reaped not by
marketing a blockchain-based application, but by
promoting the benefits of the ‘killer app’ that will be
the tipping point for blockchain applications.

• A change in current business models and levels of
responsibility at government and municipal levels is
required to embrace co-creation with citizens as a
genuine and integrated piece of the solutions puzzle.

• A critical mass of participants is needed to make
utilising blockchain technologies worthwhile where
decentralisation of power (in this instance away from
national and local governments) allows true
democracy and a focus on the long-term impacts of the 
built environment.

• There is limited understanding of the importance of
biodiversity across the general public. If citizens are
asked to co-create new and rethink existing built
environments, they must be aware of the importance
of biodiversity, what it looks like and the different
ways in which it can be achieved. This requires
educating the public (i.e., through participatory action
research) to highlight the benefits of bringing back
biodiversity to cities such as improved physical and
mental health, lower levels of pollution, better use of
resources, and more sustainable urban environments.

Proposed outcomes 
This research will create a framework to facilitate 
increasing biodiversity at the city scale. It will examine 
case studies from regions around the world that have high 
levels of biodiversity (e.g., Singapore, Brazil) either 
through protecting the natural environment or through 
rewilding back into cities. A set of detailed use cases for 
governance and incentive mechanisms of blockchain in 
construction will support the framework and an IT 
prototype will be created to demonstrate how blockchain 
technologies can enable this.  
The outputs of this research will contribute knowledge to 
a new area of interdisciplinary research at the intersection 
of co-design, blockchain, biodiversity and design and 
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planning in construction with a humanitarian focus. 

Conclusions 
Biodiversity is crucial to the survival of humanity and is 
central to the ecological systems in which the built 
environment exists. However, the built environment has 
evolved in recent decades to one that exploits natural 
resources and damages the environment without 
sufficient regard to the long-term effects.  The aim of this 
paper was to consider the potential of emerging 
blockchain technologies to mitigate the negative impacts 
of the built environment at the urban complex where most 
of the damage is seen. As such our motivation lies in 
improving the performance of the built environment in 
issues of biodiversity, via the exploration of blockchain 
incentives and governance. We view biodiversity increase 
in the built environment as a public good, hence it has a 
very good alignment with the application of blockchain 
technologies as a socio-technical system for facilitation of 
governance and incentivisation.  
Existing research has been conducted on blockchain as a 
facilitator of governance and incentive mechanisms 
showing its potential in changing user behaviours and 
organisational processes to create efficiencies and 
promote real democracy. This paper presents early plans 
for a research project that will create a framework and an 
IT prototype to utilise blockchain in maintaining and 
increasing biodiversity at the city scale.  It will do this by 
conducing interdisciplinary research at the intersection of 
co-design, blockchain, biodiversity, and design and 
planning of the built environment. 
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Abstract
With the prosperity of the Web 3.0 era, the construction
sector is turning to blockchain-based tendering to address
stakeholder conflicts. However, bid rigging among sup-
pliers and information asymmetry between suppliers and
the general contractor (GC) potentially undermine the GC
utility. To this end, we introduce contract theory into
the blockchain-based tendering framework to augment the
utility of GC. Simulation results indicate a potential 20.7%
profit increase for the GC, due to fostering competition
among suppliers, such asmaterial delivery time, compared
to traditional blockchain-enabled bidding processes.

Introduction
Construction projects typically require the procurement
of materials, a process commonly facilitated via tender-
ing. To select competent and qualified suppliers, the low-
est price (Enshassi and Modough, 2012) and comprehen-
sive bid evaluation (van der Meer et al., 2022) methods
are primarily employed for their bid evaluation. Mean-
while, the mainstreaming tendering procedures are man-
ual and e-tendering, respectively. However, several draw-
backs, such as extremely time-consuming (Santoso and
Bourpanus, 2019) and heavily reliant on the third party
(Chen et al., 2016), remain in current tendering proce-
dures, thereby posing motivation to augment the accuracy,
automation, transparency, security, fairness, and efficiency
in terms of the tendering procedures.
To this end, scholars have become increasingly interested
in developing efficient and automatic tendering systems
(Dong et al., 2023). In addition, in light of the tendering
process being mainly used by governments and companies
as a dominant procurement method (Mali et al., 2020), se-
curity issues are imperative to be resolved. Notably, given
the legal and security issues and lack of transparency in the
e-tendering process, the authors in (Torkanfar et al., 2023)
developed a distributed e-tendering system via the integra-
tion of blockchain, public key infrastructure (PKI), and in-
terplanetary file system (IPFS). Meanwhile, with the pros-
perity of theWeb 3.0 era (Zhan et al., 2023), some scholars
in the construction domain have attempted to implement
blockchain technology into the tendering system to achieve
a secure and fair tendering process (Zhang et al., 2023; Yu-
tia and Rahardjo, 2019). In the recent past, a blockchain-
based tendering system for construction projects has been
proposed, which employs decentralized smart contracts to
execute the tendering process, a decentralized storage sys-

tem to exchange and store relevant off-chain documents,
and a decentralized application to enhance interaction be-
tween the GC and suppliers (Ahmadisheykhsarmast et al.,
2023).
Nevertheless, certain shortcomings persist within the
blockchain-based tendering framework. In this frame-
work, the selection of competent suppliers heavily relies
on their submitted Request for Proposals (RFPs). In this
way, the bidding initiative is not in the hands of GC, thus
causing severe consequences, such as prevalent miscon-
duct of bid rigging. In addition, suppliers’ confidential
information may also compromise the utility¹ of GC. For
instance, in the United States, most participants reported
experiencing or anticipating delays in the delivery of ma-
terials (Alsharef et al., 2021). Apart from this, some truck
companies prioritize proximity orders and are reluctant to
transport across state lines to avoid the risk of material
delivery delays due to policy changes (Ren et al., 2023).
Therefore, when facing concurrent material delivery or-
ders, the priority level for delivering GC’s material that
GC is unknown. Since construction work requires the sup-
port of these upstream manufacturing plants and trucking
companies in the supply chain, such information asymme-
try issues between GC and suppliers might lead to delayed
delivery and financial losses. Although penalty clauses are
deployedwhen designing contracts to avoidmaterial deliv-
ery delays, such as mandatory fines per day (Bergantiños
and Lorenzo, 2019), the GC remains unable to control
the risk of delayed material delivery during the supplier
screening phase. Therefore, we aim to enhance existing
blockchain-based tendering by considering two primary
issues, i) GC does not completely possess the bidding ini-
tiative, and ii) the information asymmetry between the GC
and suppliers.

Methodology
Regarding aforesaid issues, Nobel-winning contract the-
ory (Li et al., 2024) excels in resolving information asym-
metry and can transfer the initiative from suppliers to GC
ingeniously. To this end, we propose a novel tendering
framework that leverages blockchain technology and con-
tract theory together, thereby ensuring a fair and transpar-
ent tendering process and optimizing the GC’s utility. The
proposed framework comprises several key Steps, as de-
picted in Figure 1. First, the GC will initiate a prequal-

¹It is a measure of the benefit or value that an individual places on a
particular choice.
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Figure 1: Sequence diagram of blockchain-based and contract
theory-enabled tendering.

ification process to screen honest and qualified suppliers
for participation in the tendering process. Suppliers will
then upload their qualification documents as required by
the GC for evaluation. Next, compiled smart contracts will
be employed to screen suppliers according to predefined
conditions. After that, a set of contract bundles will be
designed and issued by the GC based on the contract the-
ory for suppliers. Notably, the contract bundles will be
selected by suppliers based on their actual confidential in-
formation (Bolton and Dewatripont, 2004). Subsequently,
the smart contract will automatically identify the winning
supplier based on previously defined metrics. Finally, the
GC will sign with the winning supplier. In summary, our
main contributions are summarized as follows:

1. To address the bid-rigging issue, we propose
a blockchain and contract theory-based tendering
framework. This framework enables the GC to take
ownership of the tendering process while ensuring a
fair and efficient tendering process for suppliers.

2. Under information asymmetry, we systematically
model the tendering process of a blockchain-based
construction project and formulate an optimization
problem with the supplier’s delivery time as the op-
timization variable. To address this problem, we em-
ploy contract theory to design a set of contract bun-
dles that compel competition among suppliers under
their confidential information.

3. The simulation and related numerical analysis results
of the contract theory-based tendering model are pre-
sented. We compare the impact of different key pa-
rameters on the results and demonstrate the feasibility
and effectiveness of the proposed model.

Blockchain-based contract theory procedure
To illustrate the blockchain and contract theory-based ten-
dering framework, especially the connection between the

blockchain and contract theory, we will delve into the de-
tails of our proposed tendering framework.

Algorithm 1: Blockchain-based contract theory
Input: timestamp, supplierAddress
Output: winning supplier, Sw

1 if Invoke DataCollectorContract then
// Obtain historical data

2 data ⇐requestHistoricalData(timestamp,
supplierAddress);

// Provide obtained data to GC
3 D ⇐HistoricalDataCollected(timestamp, data);
4 end
5 As per D to partition suppliers into different types,

θ = {θH ,θL};
// Obtain contract bundles

6 T ⇐ContractTheory(θ );
7 if Invoke SupplierSelectionContract then

// Use contract bundles in smart
contract

8 ContractBundle ⇐T;
9 Shortlist qualified suppliers;
10 Record selection results of suppliers;
11 Identify the winning supplier, Sw;
12 end

First of all, our proposed tendering framework, as de-
picted in Figure 1, which mechanism is analogous to the
blockchain-based tendering framework proposed in (Ah-
madisheykhsarmast et al., 2023). The critical difference
is that we have integrated the contract theory into the
blockchain-based tendering system, Steps 5-8 in Figure
1, and the detailed procedure is illustrated in Algorithm
1. Concretely, GC will first utilize blockchain to collect
trustworthy data to evaluate the potential delivery time that
suppliers can do (Lines 1-4 in Algorithm 1). Subsequently,
as per evaluation results, GC will design contract bundles
with the utilization of contract theory (Lines 5-6 in Algo-
rithm 1). Then, the GC will code smart contracts as per
calculated contract bundles (Lines 7-12 in Algorithm 1).
Eventually, the GC will deploy the smart contract on the
blockchain, thus enabling an autonomous and transparent
tendering process, i.e., award the material delivery order
to the supplier who opts for the strictest contract bundle,
thereby effectively reducing the risk of delayed delivery.
It is worth noting that we utilize immutability and trans-
parency two crucial properties of blockchain when design-
ing the tendering framework. As for immutability, GCwill
trace the historical delivery data of the supplier by using
smart contract DataCollectorContract. Regarding trans-
parency, our proposed framework will enable GC and sup-
pliers to oversee the whole tendering process, i.e., the run-
ning process of smart contract SupplierSelectionContract,
including contract bundle selection and winning supplier
identification. In addition, in light of our proposed tender-
ing framework is enhanced as per (Ahmadisheykhsarmast
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et al., 2023), thus it can be deployed on the Ethereum ² as
well.

In the remainder of this paper, we will present the mathe-
matical model of blockchain and contract theory-enabled
tendering process and numerical simulation comparison
results to demonstrate the effectiveness of our proposed
framework.

Contract theory model
Contract theory background

WeconsiderK types of constructionmaterials, collectively
denoted by M = {M1, · · · ,Mk, · · · ,MK}, to be tendered in
the construction project. The execution sequence and in-
terdependencies of various materials in the construction
project implementation plan give rise to varying degrees
of importance for different materials. We use δk to rep-
resent the importance of material Mk. Additionally, each
material has a specific delivery time requirement to sat-
isfy construction scheduling needs. While timely delivery
of Mk is preferable, advance or delayed delivery may occur
due to unforeseen circumstances. For ease ofmodeling, we
assume that regardless of whether Mk is delivered early or
late, the difference between the on-time delivery and both
the earliest and the latest delivery times are identical.

In this paper, since the tendering process is similar for each
material, we only consider the tendering process for Mk.
As for tendering, theGCwill solicit several suppliers to bid
publicly for Mk. Without loss of generality from a mathe-
matical perspective, we assume that GC calls only 2 sup-
pliers to bid for Mk tendering, denoted as Sk = {S1

k ,S
2
k}.

Akin to (Doe et al., 2023), we can easily extend to a prac-
tical scenario where multiple suppliers together tender for
Mk.

For simplicity, we will use S1 and S2 to represent two sup-
pliers in the remainder of this paper. Each supplier can be
denoted as Sn³ and has a unique identity type, θn, corre-
sponding to the material delivery time, which may influ-
ence by the count of concurrent delivery and delivery pri-
ority level for GC’s material that suppliers possess. Due to
privacy concerns, the exact identity type of the suppliers
is unknown to the GC, resulting in information asymme-
try. Thus, the GC can only stipulate the delivery time of
Mk based on the public information submitted by suppli-
ers, which we denote as T max

k . However, setting the de-
livery time as T max

k may not maximize the GC’s utility,
and arbitrary delivery time settings can result in supplier
dissatisfaction. In a nutshell, under information asym-
metry, it becomes challenging to maximize the utility of
GC. Therefore, we have integrated contract theory with
the blockchain-based tendering scheme proposed in (Ah-
madisheykhsarmast et al., 2023).

²https://ethereum.org/whitepaper
³n ∈ {1,2}

Supplier model
For clarity exposition, we assume Sn with only two pos-
sible identity types, θH and θL. We define θH > θL⁴, and
each identity type corresponds to a different extent of ad-
vance delivery requirement with respect to T max

k , repre-
sented by T H

k and T L
k , in which T H

k > T L
k . For the sake

of modeling, we will drop the subscript k and use Ti to in-
dicate advance delivery requirement, i.e., i ∈ {H,L}.
In addition, we assume that the tendering will use the
comprehensive tenderingmethod, a commonplace bidding
model in the construction industry (van der Meer et al.,
2022). As per our initial assumption, the GC follows Steps
1-4 of the framework depicted in Figure 1 to compre-
hensively evaluate and shortlist several suppliers. Subse-
quently, the GC implements Steps 5-8 to identify the ideal
supplier using a multilateral contract theory-based (Bolton
and Dewatripont, 2004)⁵ tendering scheme. We assume
that the average bid of selected suppliers in Figure 1 is R̄.
The utility function of Sn can be defined as follows:

USn = ω(θ , R̄)−φ(Ti)− p(δk)+ r(R̄), (1)

where ω(·) represents the profit that Sn can earn for this
project. φ(·) denotes the cost function for the supplier
to transport the construction materials. p(·) represents
the penalty imposed on the supplier if they fail to de-
liver within the delivery time specified in the signed con-
tract. Finally, r(·) represents the revenue generated by the
blockchain platform for Sn.
As this paper adopts the comprehensive tendering model,
the GC only needs to pay the successful bidder with R̄.
The difference in profit among suppliers is primarily de-
termined by their identity type θ . Specifically, the better
the delivery, the more intangible wealth the supplier will
gain, such as a relatively high probability of getting the
next order. Therefore, we define the profit function that Sn
can obtain from the project as:

ω(θi, R̄) = θiR̄. (2)

In light of the stricter delivery time requirement, i.e., Ti,
the supplier will possess a lower concurrent delivery order
or necessitate the supplier to set GC as a high priority, po-
tentially impacting its profit. Therefore, we define the cost
of Sn is related to Ti:

φ(Ti) = α(T̄ +Ti), (3)

where α is the coefficient of suppliers’ cost, and T̄ is the
initial cost when suppliers’ delivery time requirement is
T max

k .
The penalty function for construction material not deliv-
ered before the delivery time requirement imposed on Sn
is related to the importance of the materials and the punc-
tuality of delivery, which is defined as:

⁴Due to the θH type supplier with fewer concurrent delivery orders
and will set GC’s delivery order as the high priority.

⁵The multilateral contract theory is akin to the bidding process, where
the winner takes all.

28



p(δk) = Pδk × τ, (4)

where Pδk represents the penalty charged for the breach, in
which P is a constant coefficient, and τ denotes the proba-
bility of a supplier breaching the contract.
The payoff function of operating a blockchain platform in-
cludes twomain components: the revenue generated by the
blockchain platform and the expenses required to operate
it (e.g., human resources and hardware equipment). Ac-
cording to (Griffiths et al., 2017), the benefits derived from
using a blockchain platform are typically associated with
the project’s bid R̄. As a result, we define the blockchain
payoff function as:

r(R̄) = ∆R̄−C, (5)

where ∆R̄ represents the reduced transaction cost gener-
ated by the blockchain, andC denotes the cost of operating
the blockchain.
Following the above analysis, the utility function of Sn can
be summarized as:

USn = θiR̄−α(T̄ +Ti)−ϕ +ρ, (6)

For clarity, we use ϕ to denote p(δk), and ρ to represent
r(R̄).

General Contractor Model
The utility function of the GC is defined as follows:

UGC = π(Ti)−ξ (R̄)+ p(δk)+ r(R̄), (7)

where π(·) represents the revenue function of the GC, and
ξ (·) denotes the project funds that the GC pays to the sup-
plier.
The revenue function of the GC is defined by

π(Ti) = α
′ ln(D+ εTi), (8)

where α ′ is a coefficient and D represents the revenue
earned when the material delivery time is T max

k . Also, GC
can proactively control the delivery time of Mk earlier than
the default delivery time setting T max

k , so as to effectively
reduce the risks of delayed delivery, thus we utilize εTi to
denote the additional revenue earned by GC.
The remuneration function paid by the GC to the supplier
is defined as follows:

ξ (R̄) = β R̄, (9)

where β is the project remuneration coefficient due to mar-
ket fluctuations. In this article, assuming that the supply
and demand in the market are in equilibrium, we set β = 1.
In summary, the utility function of the GC can be ex-
pressed as:

UGC = α
′ ln(D+ εTi)− R̄+ϕ +ρ. (10)

Contract definition and problem formulation
Definitions of contract theory
Analogous to (Li et al., 2024), we assume that the GC faces
competition from two risk-neutral suppliers⁶ for an indivis-
ible material supply order, without loss of generality and
for the sake of simplicity. The cases with multiple risk-
neutral suppliers can be studied similarly. As discussed
earlier, each supplier Sn may have two identity type for
supplying Mk, given by:

θ =

{
θH , λn,
θL, 1−λn,

(11)

where λn denotes the probability that the GC evaluates the
identity type of Sn as θH , which can be determined by using
empirical-based methods or data mining techniques. Con-
sistent with (Bolton and Dewatripont, 2004), we assume
that λn = λ , and all suppliers are identical ex-ante. With-
out loss of generality, we can restrict the GC to symmetric
auctions where suppliers are treated equally.
During the tendering process, suppliers compete with each
other to secure a contract and maximize their profits. In
such a competitive scenario, suppliers take into account
not only the contract bundles they choose but also the con-
tract bundles that their competitors may opt for. To re-
flect this scenario, we present the types of contracts that
the GC will offer during the tendering process in the fol-
lowing Definition 1.

Definition 1 (Competed Delivery Time Requirement).
Suppliers’ delivery time requirements will depend on
their respective potential identity type, denoted by T =
{THH ,THL,TLH ,TLL}.

To illustrate, THH denotes the contract variable designed
by GC for Sn when the identity types of both suppliers are
θH . Nevertheless, THH is a temporary variable set by GC
during contract design, and the actual contracts issued are
based on the potential identity type of each supplier. Con-
sequently, in this study, only two types of contracts are is-
sued by the GC, namely, TH and TL.
During the tendering process, suppliers have the freedom
to choose either the same or different contracts. However,
it is worth noting that their bid success rate may differ de-
pending on the contracts they opt for. To provide clarity
on this matter, Definition 2 is presented:

Definition 2 (Bidding Success Rate). Suppliers’ prob-
ability of winning the material delivery order de-
pends on their potential identity type, denoted by x =
{xHH ,xHL,xLH ,xLL}.

For instance, xHH represents the probability that supplier
Sn wins the order when the identity type of both suppliers
is θH .

⁶The supplier will be indifferent to risk when making decisions, i.e.,
the supplier is rational.
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As there is only one indivisible construction project, the
GC can only select one successful bidder among all sup-
pliers. As a result, it is essential to ensure that the proba-
bility of successful bidding for all suppliers, who choose
different types of contracts, must be less than or equal to
1. To formalize this requirement, Definition 3 is proposed:
Definition 3 (Feasibility). Supplier Sn has feasibility con-
straints on the probability of winning the order, i.e.,
2xHH ≤ 1;2xLL ≤ 1;xHL + xLH ≤ 1.

For example, xHH represents the identity type of both sup-
pliers as θH . In this case, xHH is the bid success rate for
both suppliers, and only one supplier will ultimately suc-
ceed in the tendering process, leading to the constraint
2xHH ≤ 1.
With the previous definitions, we have established a math-
ematical framework for tendering scenarios. However, it
is important to note that a rational supplier will only par-
ticipate in a tendering project if it is profitable for them.
Therefore, GC needs to design contracts in a way that en-
sures positive utility for suppliers. This idea is represented
mathematically through Definition 4.
Definition 4 (Individual Rationality, IR). IR denotes that
the GC designs the contract in a manner that Sn agrees to
it only if there are guaranteed positive benefits.

Considering the competition among suppliers, we rede-
fined the utility function of Sn as:

US(θi,xi,Ti) = ∑
j=H,L

λ j(θiR̄xi j −α(T̄ +Ti j)−ϕ +ρ), (12)

where λH = λ , and λL = 1− λ . The physical meaning
of (12) is that since there is only one indivisible material
delivery order, the probability of Sn bidding success will
depend on the contract chosen by other suppliers. Con-
cretely, if the other supplier chooses the H-type contract
with probability λH and the L-type contract with probabil-
ity λL, Sn will have different probabilities of bid success,
as defined in Definition 2. It is important to note that the
effect of x is only on the supplier reward function. This is
because the probability of receiving a reward for a success-
ful bid is dependent on another supplier, even if they select
the contract of their type and devote their best efforts.
Therefore, we can express the IR constraint as:

US(θi,xi,Ti) ≥ 0, i = H,L. (13)
While the IR constraint ensures supplier participation in
tendering, it does not guarantee that each supplier will
choose the contract specifically designed for them, which
would not maximize GC’s utility. To ensure that each sup-
plier selects only contracts suitable for their identity type,
we introduce Definition 5.
Definition 5 (Incentive Compatibility, IC). IC denotes that
suppliers can only maximize their benefits if they choose
the contract that matches their identity type, i.e.,

US(θi,xi,Ti) >US(θi,x j ,Tj), i = H,L; j 6= i. (14)

From (14), we can intuitively see that when a supplier
chooses a contract that does not match its identity type, it
will result in lower revenue. Therefore, a rational supplier
will choose only the contract that meets its identity type,
maximizing its benefits and satisfying GC’s requirements.

Problem formulation
This paper proposes that the GC maximizes its profit by
formulating a series of contracts. Specifically, the opti-
mization problem of the GC is formulated as P1:

P1 max
T

ΠGC = 2 ∑
i=H,L

∑
j=H,L

λi(λ jUGC(Ti j)) (15a)

s.t. US(θi,xi,Ti) ≥ 0, i = H,L, (15b)
US(θi,xi,Ti) >US(θi,x j ,Tj), i = H,L; j 6= i,

(15c)
2xHH ≤ 1,2xLL ≤ 1,xHL + xLH ≤ 1, (15d)
0 ≤ Ti j < T max

k , i = H,L; j 6= i. (15e)

The optimization objective of P1 is to maximize the ex-
pected benefit of the GC. Constraint (15b) is the IR con-
straint on the supplier. Constraint (15c) represents the IC
constraint on the supplier. Constraint (15d) is the feasi-
bility constraint in the tendering process, and finally, con-
straint (15e) sets a limit on the material delivery time re-
quirements of the supplier that should be met by the GC.

Optimal contract
Due to the presence of multiple non-convex constraints,
solving P1 is computationally intractable (Zhan et al.,
2023). To overcome this issue, we aim to simplify P1 by
leveraging Propositions 1, 2, and 3, the detailed proof can
be referred to (Bolton and Dewatripont, 2004).

Proposition 1. xHH = xLL = 1
2 ,xHL = 1,xLH = 0.

Proposition 2. If IR constraint of type θL hold, IR con-
straint of type θH will automatically hold.

US(θL,xL,TL) ≥ 0 ⇒US(θH ,xH ,TH ) ≥ 0. (16)

Proposition 3. If IC constraint of type θH is binding, then
IC constraint of type θL will automatically hold.

US(θH ,xH ,TH ) =US(θH ,xL,TL)

⇒US(θL,xL,TL) >US(θL,xH ,TH ).
(17)

By using Propositions 1, 2, and 3, and temporarily relaxing
constraint (15e), we can transform the intractable problem
P1 into a tractable one, denoted as P2.

P2 max
Ti j

ΠGC = 2 ∑
i=H,L

∑
j=H,L

λi(λ jUGC(Ti j)) (18a)

s.t. US(θL,xL,TL) = 0, (18b)
US(θH ,xH ,TH ) =US(θH ,xL,TL). (18c)
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By observing the two equality constraints in P2, we can
obtain expressions for TLH and THH in terms of TLL and
THL, respectively. Specifically, we have

TLH =
(1−λ )( 1

2 θLR̄−αTLL)−αT̄ −ϕ +ρ

λα
, (19)

THH =
1
2 θH R̄+ 1−λ

2 θLR̄− (1−λ )αTHL −αT̄ −ϕ +ρ

λα
.

(20)
For convenience, we define TLH = g(TLL) and THH =
f (THL) and substitute these expressions into the objective
function of the optimization problem. Hence, the opti-
mal contract can be obtained by solving the following op-
timization problem, given by (21):

T ∗
i j = argmax

Ti j
2[λH(λHUGC( f (THL))+λLUGC(THL))

+λL(λHUGC(g(TLL))+λLUGC(TLL))].
(21)

First, we obtain the second-order derivatives of the op-
timization function with respect to THL and TLL, respec-
tively. Specifically, we have

∂ 2Π

∂ (TLL)2 =−
[

p1
(εg′(TLL))

2

(D+ εg(TLL))2 + p2
ε2

(D+ εTLL)2

]
,

(22)

∂ 2Π

∂ (THL)2 =−
[

p3
(ε f ′(THL))

2

(D+ ε f (THL))2 + p1
ε2

(D+ εTHL)2

]
,

(23)
where p1, p2, and p3 are defined as (1− λ )λ , (1− λ )2,
and λ 2, respectively.
Then, since both second-order derivatives are negative, we
can determine T ∗

i j by taking the first-order derivatives of
THL and TLL. Specifically, we have

T ∗
LL = T ∗

LH =
1
2 (1−λ )θLR̄−αT̄ −ϕ +ρ

α
, (24)

T ∗
HL = T ∗

HH =
1
2 θH R̄

α
+T ∗

LL. (25)

Finally, we should also check whether T ∗
i j satisfies con-

straint (15e) in P1. If this constraint is not satisfied, we
can use various convex optimization tools such as Gurobi
or CVX in Matlab to obtain the optimal solution.

Results
Comparison methods
To provide a comprehensive evaluation of our proposed
blockchain-enabled and multilateral contract-based ten-
dering scheme, we compare it with the following bench-
mark methods.

1. Multilateral Contract in Complete Information Sce-
nario (Bolton and Dewatripont, 2004): This method
assumes that the GC possesses complete information
about the supplier’s identity type and, as a result, de-
signs contracts that can extract all the profits of the
supplier. As such, we employ this method as an up-
per bound for performance evaluation.

2. Bilateral Contract in Incomplete Information Sce-
nario (Doe et al., 2023): This method assumes that
multiple material shipping orders are simultaneously
available for the GC, enabling them to issue exclusive
shipping order contracts to each supplier.

3. Multilateral Contract without blockchain in Incom-
plete Information Scenario: This scheme differs from
the one proposed in this paper only in that it excludes
blockchain; all other parameters remain identical.

4. Traditional Tendering Scheme in Incomplete In-
formation Scenario (Ahmadisheykhsarmast et al.,
2023): This scheme leverages the conventional ten-
dering method employed in the construction sec-
tor to identify material suppliers for the GC on the
blockchain platform.

For ease of reference in subsequent discussions, we refer to
our proposed scheme and the four benchmark comparison
methods asOptimal contract,Complete contract, Bilateral
contract, WoBC contract, and No contract, respectively.

Experiment parameters
To indicate the high and low identity type of Sn with re-
spect to Mk, we set θh and θL as 0.1 and 0.02, respectively.
We categorize the importance levels of Mk into five cat-
egories, namely extremely low, low, medium, high, and
extremely high, and represent them using {1, 2, 3, 4, 5}.
We use key parameters with reference to studies involving
blockchain-based construction payment management and
blockchain-based tendering scheme (Ahmadisheykhsar-
mast et al., 2023; Griffiths et al., 2017; Bidhive, 2018;
Brown et al., 2006).

Discussion and result analysis
Contract analysis
In Figure 2, we depict the trend of utility changes for the
GC, θL type supplier, and θH type supplier when varying
key parameters. Notably, the utility of the θL type supplier
remains at 0 for all four parameter variations due to the
contract theory extracting the entire profit of the lowest-
rated supplier, which aligns with previous research (Zhang
and Han, 2017; Li et al., 2022; Doe et al., 2023).
As shown in Figure 2a, when the identity types of θH in-
creases, the utility of theGC also increaseswhile that of θH
type suppliers decreases. This result is intuitive as a higher
λ value causes the GC to tailor contracts exclusively to θH
type suppliers, extracting more profit.
Figure 2b reveals that when material importance δk in-
creases, theGC’s utility gradually increases. This outcome
arises because heightened δk values necessitate a stricter
delivery time requirement for materials, enabling the GC
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Figure 2: Contract-based tendering scheme for comparison of
GC, θH and θL type suppliers’ utilities as parameters vary.

to extract more profit and thereby reduce risk. Notably, the
utility of θH type suppliers remains constant across δk vari-
ations. This result stems primarily from the supplier’s lead
time increasing alongside δk. In other words, although the
supplier’s cost coefficient increases, the GC also obtains a
more lenient delivery requirement, thereby reducing sup-
plier delivery costs and leaving the utility of θH type sup-
pliers unchanged.

Utility of GC
In Figure 3a, it is evident that the Optimal contract, Com-
plete contract, and WoBC contract lead to an increasing
trend for the GC’s utility as λ increases. This result arises
from varying the supplier’s delivery time requirement as λ

increases. In contrast, the Bilateral contract and No con-
tract exhibit no change when λ increases since these meth-
ods do not affect the supplier’s delivery time requirement.
Specifically, in the Bilateral contract, the GC formulates
designated contracts for suppliers with different identity
types. Therefore, varying λ does not impact the supplier’s
delivery time requirement or the GC’s utility. As for the
No contract, it is intuitive that the supplier’s delivery time
requirement will not change irrespective of λ .
The reasons for the increase in GC’s utility depicted in Fig-
ure 3b are similar to our analysis of Figure 2b, where an
increase in δk leads to the extraction of more profit from
the supplier by the GC. This increased profit stems from
tailoring the contract to mitigate GC’s own risk, resulting
in an increase in the GC’s utility as δk increase.
Based on the findings presented in Figure 3, we can deter-
mine the effectiveness ranking of the different contracts
for GC’s utility as follows: Complete contract > Opti-
mal contract > Bilateral contract > No contract >WoBC
contract. The Complete contract outperforms all other
methods because the GC is aware of the supplier’s identity
type before contract formulation and can extract the maxi-
mum profit possible. Next, theOptimal contract generates
more profit for the GC than the Bilateral contract by in-
corporating a competition mechanism during the contract
formulation. Information asymmetry is the reason why
the No contract method is inferior to the other three con-
tract theory-enabled methods. Finally, the reason why the
WoBC contract ranks last is that conventional tendering in-
curs an excessive amount of administration cost compared
to the blockchain-based approach. Typically, administra-
tion costs range from 2% to 3% of the contract value (Bid-
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Figure 3: Contract-based tendering scheme for comparison
with other four benchmark methods as parameters vary.

hive, 2018; Brown et al., 2006), whereas blockchain cost
remains fixed, which typically amounts to around $750, in-
cluding the cost of smart contract deployment and invoca-
tion, prequalification files submission, and evaluation and
contract awarding, etc., for completing a tendering project
on Ethereum. (Ahmadisheykhsarmast et al., 2023). Con-
sequently, blockchain will generate more revenue as the
contract value increases.

Conclusion
Considering information asymmetry and bid-rigging un-
dermining the GC’s utility, this paper proposed a
blockchain and multilateral contract theory-based con-
struction tendering framework. To promise the effective-
ness of multilateral contract theory, the GC first utilized
the blockchain to acquire trustworthy data. Then, with the
utilization of contract theory, the GC can provide precise
material delivery time via the smart contract for suppliers
to opt for. The simulation results demonstrated that the
proposed multilateral contract theory-based method im-
proves the GC’s profit by approximately 20.7% in compar-
ison with the traditional bidding method, with only a 5%
profit difference displayed compared to the performance-
optimized upper bound complete information scenario,
the ideal situation. Furthermore, the proposed framework
benefits the scenarios where information asymmetry is
prevalent, such as construction payment management and
material transportation processes. In future work, we will
take the continuity of different materials into considera-
tion, and will not assume the tolerance for advanced and
delayed delivery are identical since delayed delivery will
cause more severe consequences.
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Abstract
A token is a cryptoeconomic entity on a blockchain that
can be used to digitally secure, represent, and trade as-
sets. Existing research does not sufficiently explore the
use of tokenization as digital representations of physical
construction assets within the context of circular supply
chains. Thus, this research explores why tokenization for
circular constructionmay be helpful by employing amixed
methods approach via quantitative and qualitative analysis
of expert surveys and a technical review of tokens. The
contribution proposes scenarios of tokenization’s potential
for blockchain-based product tracking and product pass-
ports for AEC.

Introduction
The built environment is facing twomajor transformations:
a circular economy transformation and a digital transfor-
mation, and both are critical paradigms that can target en-
hancing sustainability (Çetin et al., 2021). Digitization
for the architecture, engineering, and construction (AEC)
industry is known to be slow because of general resis-
tance to changing processes and adopting new technolo-
gies. Changing our built environment from a linear to a
circular model is also inhibited by resistance to changing
processes, resistance to upfront added costs, and informa-
tion deficits (Byers et al., 2024).
In the built environment, implementing a circular economy
primarily deals with the complexity of the supply chain.
This includes the procurement and specification of mate-
rials, involving numerous participants, and the certifica-
tion of material quality. Circular construction supply chain
(CCSC) compared to typical construction supply chains
also include connecting the materials from disassembly in
one life cycle to a use case for additional life cycles as well
as preserving information on the materials over time (Wi-
jewickrama et al., 2021). Additional challenges include the
presumed added costs of component reuse, though it ap-
pears this depends primarily on local regulation, culture,
and precedent (Mollaei et al., 2023). Other challenges
for reusing materials include product liability and the pro-
ducer’s responsibility for the circulation of the materials
at the end of use, particularly if the original information
on them is unknown (Farooque et al., 2019). Therefore,
research is growing on how to track construction products
over time, what information to track, and where to store it.
Blockchain technology is considered useful for tracking
and tracing information in supply chains and construc-

tion (Wang et al., 2020; Qian and Papadonikolaki, 2020).
Though there is an overlap of tracking product informa-
tion with the concept of Digital Product Passports (DPPs)
European Commission (2022), there is insufficient work
on their application for AEC. In particular, the use of to-
kenization to represent circular supply chain assets with a
tokenized product passport (TPP) seems a promising con-
cept. TPPs may help ensure data continuity and availabil-
ity through multiple stakeholders and life cycles. Yet, this
application is nascent and there is a gap in research and
practice. Therefore, this research addresses the question:
why would tokenization be useful for product passports for
a circular built environment? The paper begins with a
background on relevant concepts, states the methods used,
analyzes survey responses, provides a technical review of
token features, proposes resulting applications of tokens,
and finally discusses existing challenges and future work.

Background
To contextualize the research objective of this work, some
background is provided on product passports, blockchain
tokens, and existing applications in both academia and in-
dustry.

Product Passports

Recent legislation in the EU pushes for Digital Product
Passports (DPPs), which will be used to inform prod-
uct supply chains and environmental impact (Çetin et al.,
2023; Honic et al., 2024; European Commission, 2022).
Within AEC, Material Passports (MP) are similar to DPPs
and describe characteristics of materials in products re-
garding their constituents, recyclability, and reuse poten-
tial, which have been found to support circularity (Honic
et al., 2021) and reuse (Byers and De Wolf, 2023). While
MPs and building logbooks apply to the built environment,
DPPs are a cross-sectoral concept shaped by the regula-
tory framework “setting eco-design requirements for sus-
tainable products” of the European Commission (2022). A
report from the Wuppertal Institute by Jansen et al. (2022)
reviews 76 corporate, policy, and research initiatives for
DPPs. Though several of these initiatives do look at build-
ings, many are focused on batteries, textiles, machinery,
and automotive products and discuss the challenges of het-
erogeneous industries and stakeholders. Interestingly, nine
of these implemented blockchains for immutability, trans-
parency, and decentralization along the supply chain.
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Blockchain Tokenization
Blockchain technology is a type of distributed ledger tech-
nology (DLT) that is run over a decentralized set of com-
puter nodes and ensures secure and transparent peer-to-
peer transactionswithout intermediaries. Blockchain’s po-
tential application for construction is well-researched (Li
et al., 2019), including supply chain and lifecycle applica-
tions (Scott et al., 2021).
This paper concentrates on Ethereum, which is among the
most widely used blockchains, chosen for its capabilities in
handling smart contracts, offering distributed computing
solutions, and having a robust developer community. To-
kens can be programmed through smart contracts, which
are executable code stored on the blockchain that can in-
teract with and define transaction logic. Smart contracts
are used to specify token features (e.g., destroyable, own-
able, metadata, etc.), supply count, and transfer mecha-
nisms. On a blockchain, tokens provide a critical role
as a medium of exchange and a way to represent digi-
tal or real-world asset ownership. Tokens have already
been integrated into various digital ecosystems (e.g., gam-
ing, decentralized markets of digital goods, and real estate
fractionalization) reshaping industries through innovative
business models on new forms of ownership and transac-
tions (Sazandrishvili, 2020).
Because tokens are produced through smart contracts
and are customizable, token standards are used to ensure
interoperability and secure implementation through stan-
dardized building blocks in the network. In the Ethereum
ecosystem, this standardization happens through an
Ethereum Request for Comment (ERC). An ERC is a
proposed protocol for suggesting a new standard defining
rules and specifications for tokens or smart contracts to
be adopted by individual developers and projects. The
most common token standards are ERC-20 and ERC-721.
ERC-20 establishes a fungible token that is tradable
and dividable into discretized shares. ERC-721 is a
non-fungible token (NFT) that is tradeable, non-divisible,
and used to represent unique values. Tokens often consist
of links within the metadata to the storage of data too large
to be stored on-chain as shown in Figure 1. A token, often
constituted as a JSON-LD entity, combines principles of
the semantic web with interoperability and is readable by
both humans and machines.
The general benefits of tokenization are greater liquid-

Figure 1: Example of a Material Passport NFT as a JSON

ity, global access, reduced intermediaries, faster transac-
tions, increased transparency, and immutability. The as-
sociated challenges are legal, regulatory compliance and
uncertainty, cybersecurity, and absence of public sec-
tor involvement (Tian et al., 2020; Sazandrishvili, 2020).
This is similar to the report from McKinsey & Company
that discusses the impact of tokenization including im-
proved capital efficiency; democratization of access; op-
erational cost savings; enhanced compliance, auditability,
and transparency; and, cheaper infrastructure (Banerjee
et al., 2023).

Tokenization Applications
In the context of using tokens within markets, Ferrara et al.
(2022) states, “tokens of digital assets are indeed defined
as digital objects in which the relevant information are
stored to guarantee a single, unique matching between as-
set and token.” The work proposed two processes for us-
ing blockchain in digital markets of physical assets: to-
kenization and legitimacy of ownership. Additional re-
search from Weingärtner (2019) states the advantage of
tokens is they facilitate the self-sovereignty of data and
proposes three types: payment tokens (currency), utility
tokens (rights or services), and assets or security tokens
(represents a share).
A report from the consulting firm EY discusses tokeniza-
tion of real-world assets for the transparency and improved
traceability and trust in the chain of ownership. (EY,
2020). Tokens can be considered software with a unique
asset reference connected to properties or legal rights.
The report discusses three token standards and their ideal
implementation: ERC-20 for transferring value between
users, ERC-1400 for transferring asset or security tokens
requiring a certificate, and ERC-721 for transferring own-
ership of a specific asset.
A recent position paper on the value of tokens for AEC pro-
vides a slightly modified token classification noting that
the applications are either economic or technical: util-
ity (governance), security (object representation), pegged
(stablecoins), and direct (payments) (Kifokeris et al.,
2023). The paper provides recommendations for a clas-
sification of tokenization opportunities by thematic area
(e.g., circularity), and the associated benefits, challenges,
issues, and opportunities.
Tezel et al. (2021) explored blockchain implementation
in construction and suggested three primary supply chain
management models: project bank accounts, reverse
auction-based tendering, and asset tokenization for financ-
ing (crowdfunding). Wu et al. (2023) developed a proto-
type of an NFT-based construction waste material pass-
port using a design science research approach. The pro-
totype was built using Hyperledger, a private and permis-
sioned blockchain. Additional research overlaps the con-
cepts of smart construction objects and blockchain ora-
cles for recording information around the construction pro-
cesses on a blockchain (Lu et al., 2021).
Within the context of AEC, tokens have often been
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Figure 2: Visualization of Nested Token Hierarchy Representing
Nested Component Assembly

proposed as an incentivization mechanism between
stakeholders (Kouhizadeh et al., 2022). However, work
from Dounas et al. (2021) proposed a system of orga-
nizing topology graph representation of a building as
Ethereum tokens. Research from Hunhevicz et al. (2023)
demonstrates a prototype of using tokens for Web3-based
data access roles for material passports. Earlier work from
2019 proposes a framework for supply chain traceability
based on tokenizing the bill of materials and component
IDs (Dasaklis et al., 2019). Different tokens for source
materials, elemental tokens, and compound tokens can be
used to build up a tree structure of the data, emulating the
similar hierarchy of assemblies in construction. Figure 2
symbolically represents this relationship of nested tokens
for an assembly.

Boston Consulting Group and Arianee (2023) created a
report on DPP tokenization that provided five main util-
ities: access to product information, a certificate of au-
thenticity and ownership, a product lifecycle management
tool, a customer relationship management tool, and a vir-
tual replica of a physical object. Additionally, the three
main proposed architectures are centralized DPPs, permis-
sioned blockchain DPPs, and tokenized DPPs. Though in
the short term, and for low-value products, tokenized DPP
adoption is not as advantageous as other solutions, it is ex-
pected to provide much greater value in the long-term and
for high-value products.

Methods
This paper is an exploratory paper on the overlap between
tokenization and CCSC, therefore a mixed-methods ap-
proach was used including the exploratory data analysis
of a survey of researchers and practitioners and a techni-
cal review of token features relevant to CCSC. The survey
was issued to explore interest and elicit context on current
challenges, perceptions, and suggestions for blockchain in
CCSC. A more detailed description of the survey distri-
bution and analysis is found in the respective section. In
addition, technical standards were reviewed to better un-

derstand what features tokens can offer for product pass-
ports within AEC. Lastly, the mixed-methods approach
combines the findings from each step into proposed sce-
nario applications for tokenized product passports.

Survey on Exploring TPPs
Survey Approach and Overview
The survey distributed had 30 questions to gauge proxi-
mal knowledge on product passports for CCSC, techni-
cal requirements, and blockchain and tokenization appli-
cations. The survey was built online using Qualtrics and
distributed via email through a convenience sampling of
experts known by the authors with relevant experience
in at least two of the three topics: sustainable construc-
tion, blockchain technologies, and circular economy. The
submissions were analyzed anonymously using the lan-
guage R. A total of 30 respondents completed the sur-
vey, though not all respondents answered every question.
This paper shows the analyses of the most relevant ques-
tions for this work. The anonymized responses are a pub-
lished dataset (https://doi.org/10.3929/ethz-b-000656624)
and the code for the analysis can be found on github:
https://github.com/cea-eth/TPP-EDA.
The format of the questions included five-point Likert-
response, multi-select multiple-choice questions, and
open-response questions. The open-response questions
were analyzed using a natural language processing tech-
nique called latent Dirichlet allocation (LDA) for topic
modeling. LDA is a generative probabilistic model for
extracting similar topics over multiple documents (in this
case, the documents are individual survey responses). The
set of words for each extracted topic and the frequency of
the topic are plotted and then interpreted by the authors for
their meaning.
The respondents were asked to report in which countries
they have projects. The highest reported country was
Switzerland with 24% (nine responses), then the US tied
with the UK with 13% (five responses), two responses in
the Middle East, one response in Asia-Pacific, and the rest
of the responses (n=16) were across Europe. About 40%of
the respondents have 1-5 years of experience, about 23%
have 5-10 years of experience, and 37% have greater than
10 years of experience. Of all the respondents, twelve
work in academia, two for a government entity, and the
rest within the private industry (in a combination of AEC
firms, startups, and consultants).

Responses on DPP and Product Tracking
Of the 30 responses, four stated they were slightly familiar
or not familiar with product passports, and two were left
blank. Yet, 40% stated it is “Extremely Important” to track
construction and building products over time, 40% stated
it’s “Very Important”, and 13% stated it’s “Moderately Im-
portant”. The other two responses were blank.
Some of the questions asked were on potential issues re-
lated to data in the respondent’s field and are displayed in
Figure 3. The most striking results show a 100% positive
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response for the importance of data persistence and stor-
age over the building life cycle, and about one-third state
issues with data privacy are only slightly or not important
at all.

Among the various phases of the traditional product life-
cycle, the three selected as having the greatest potential for
implementing a product passport are B1-B3: Use, Main-
tenance, and Repair; B4-B5: Replacement and Refurbish-
ment; and C1-C4: End of Life Stage. These responses
are validated by another question on potential use cases
for product passports shown in Figure 4.
The results from the LDA topic modeling on the problems
and challenges inhibiting the use of product passports in
AEC are shown in Figure 5. The y-axis shows the words
in the topics produced from the model and the x-axis is
their frequency found in responses. There are two topics
on the challenges found eight times from the responses.
The first topic is on the challenge of having complete in-
formation for tracking and reuse, the other major topic is
on the resistance to data models and lack of assured data.
Additional topics allude to challenges of product passport
standardization and data fragmentation.

bim, labels, structural, data,
change, accurately

data, passport, product,
fragmentation, digital,

standard

data, lack, systems,
resistance, models, assured

information, data, challenge,
track, reuse, complete

0 2 4 6 8
Number of Responses

To
pi

c 
(T

op
 W

or
ds

)

Figure 5: LDA Topics on the Challenges Inhibiting Product
Passports for AEC

Responses on the Use of Blockchain and Tokenization
Figure 6 is a color-based correlation matrix from the
Likert-based responses in the survey. The individual ques-
tions have been simplified to their topic and shown in the
axes. A question has a perfect positive correlation with
itself and is illustrated as dark green and a negative corre-
lation is colored brown.
One of the questions asked the respondent how useful tok-
enizing product passports would be. The results from Fig-
ure 6 show that there is a slight positive correlation be-
tween tokenizing product passports and the questions ask-
ing about the applicability of blockchain and tokenization.
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Table 1: Features of Tokens Relevant for Designing CCSC Systems

Category Token Features Feature Description

Product Identification Metadata Capacity Amount of storage to hold product information
Asset Linkage Connecting the token to the product it represents
Data Authenticity Verification of unaltered product data
Metadata Flexibility Different types of data to be stored

Supply Chain Integration Interoperability Integration across platforms, actors, and file type
Data Update Mechanism Modifying data as the product moves or changes
Queryable Ease in searching for and retrieving token data

Lifecycle Management Metadata Storage location Considering on-chain or off-chain storage
Composability Combining and nesting tokens for assemblies or

sub-products
Compliance & Privacy Regulatory Compliance Adhering to reporting regulations and other norms

Data Privacy Public or private chain for sensitive information
Business Proposition Tradeability Facilitating B2B/B2C transactions by token transfer

Cost Efficiency Evaluating overheads against its ROI
Product End-of-Life Data Handling Handling or burning of data at the end of its lifecycle

Asset Linkage Connecting the token to the product it represents
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Figure 7: LDA Topics from the Potential Use Cases of
Tokenization for AEC

Nevertheless, there is a slight negative correlation between
the usefulness of tokenizing product passports and the fa-
miliarity level with product passports.
From the question of how might blockchain be used, the
largest topic (n=13) extracted from the LDA was as the
underlying technology for data transparency and tracking
technology for building materials. From the question of
how might tokenization be used for circular construction
or circular supply chain management, only 19 responses
were given as shown in Figure 7. Of those, the most fre-
quent topic (n=8) discussed an application to introduce a
system to award incentives for material information. Six
responses discussed the topic of using tokens for owner-
ship or representation of building assets. The third largest
topic with five responses was on financing data for infor-
mation in circular supply chains.

Review of Technical Token Features forCCSC
This section explores token standards for Ethereum and
provides a table constructed from examined token stan-
dards that can be used to guide the applicability of a spe-
cific token for CCSC. Beyond ERC-20 and ERC-721, ad-
ditional token standards have added functionality and po-

tential relevance for this domain. Some are briefly listed
below but this list is not exhaustive, which inspired the ab-
straction of token attributes from these ERC standards in
Table 1.

• ERC-1155: Enables fungible and non-fungible to-
kens in one contract

• ERC-998: Composable NFTs that can own other
NFTs and ERC-20 tokens

• ERC-6960: Dual Layer Tokens for asset classifica-
tion, aiding in fractional and versatile ownership

• ERC-994: Delegated NFTs that register a geo-
location of land and property

• ERC-5791: Physical-Backed Tokens representing
physical item ownership and authenticity

• ERC-6551: Token-Bound Accounts are NFTs with
unique Ethereum accounts for asset ownership and
multi-chain application interaction

• ERC-5114: Soul-Bound Token, a non-transferable
token permanently attached to a soul or address

Table 1 proposes features from various token standards
that are relevant for applications to CCSC. The cate-
gories of token features should be considered by stake-
holders interested in designing and implementing token-
based systems. A similar classification approach was pre-
viously conducted on designing blockchain oracles for
AEC (Dounas et al., 2023).

Resulting Scenarios
This section offers detailed scenarios for tokenized product
passports, derived from a mixed-methods approach. The
approach is a result from the analysis of token features, the
review of relevant literature, and insights from the survey
on blockchain’s utility and use cases for CCSC. Tokens
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have broadly been shown to be used for asset represen-
tation, payment and incentive systems, or utilitarian and
governance systems as defined in Kifokeris et al. (2023);
Weingärtner (2019); Boston Consulting Group and Aria-
nee (2023). The proposed scenarios examine the poten-
tial utility of tokens in CCSC by focusing on how tokens
can serve as a means for representing objects. Proposing
payment, incentive, or governance systems, although ex-
pressed from the survey results in Figure 7, is beyond the
interest of this study.
These scenarios are not direct responses from the ques-
tionnaire but a synthesis of all results. Additionally,
some token features are universally relevant for CCSC
applications including Asset Linkage, Metadata Storage
Location, Cost Efficiency, Data Authenticity, Compos-
ability, and Metadata Capacity.

Scenario 1) Tokenize the Material DPP: Drawing
from industry proposals and the results from the survey,
this scenario proposes a TPP system where each token
acts as a representation for the DPP of the construction
assets. The TPP can be connected directly to tracking
hardware installed into the asset and used for streamlining
compliance and transparency along the supply chain.
Tokens could serve to create a unique digital identity
for the provenance of each component, similar to Wu
et al. (2023); Boston Consulting Group and Arianee
(2023). According to DPP regulation, these tokens could
facilitate accurate tracking and verification of the origin,
composition, and recycling credentials of materials, which
is essential for the integrity of a circular supply chain.
Specific token features from Table 1 include: Regulatory
Compliance, Queryable, and Interoperability.

Scenario 2) Tokenize the Material Asset: In this
scenario, an asset tokenization platform for the CCSC can
be developed for tokenizing the asset and supported by the
results shown in Figure 7. Tokenizing a real-world asset
reflects ownership within the real world and economic
markets. Tokenized assets could allow the transparent
traceability and management of material (EY, 2020)
as well as their physical relationship to other materials
(Dasaklis et al., 2019). An example of a preliminary
implementation of this scenario and its integration with
building modeling is proposed by Dounas et al. (2021).
The token features from Table 1 important for this ar-
chitecture include Tradeability, Metadata Flexibility, and
Interoperability.

Scenario 3) Tokenize the Material Ownership: While
the first scenario tokenizes the material information, the
second scenario tokenizes the asset, and this third scenario
utilizes tokens as a security for the ownership of the asset.
This token security is a subset of asset tokenization that
uses tokens to represent its value contractually, which
can be reflected along the CCSC, particularly for material
exchange, leasing, or purchasing in decentralized mar-

ketplaces (Hunhevicz et al., 2023; Ferrara et al., 2022).
Though similar to the other scenarios, the financial and
business considerations are more of an emphasis EY
(2020); Boston Consulting Group and Arianee (2023).
Using tokens as a mechanism for material asset securities
also introduces new sustainable finance mechanisms
for investing in circular economy solutions. Because of
the legal and financial implications, the specific token
features in the scenario include Regulatory Compliance,
Tradeability, and Data Privacy from Table 1.

Discussion
One of the most interesting results from the survey is found
in Figure 6, which shows a negative correlation between fa-
miliarity with product passports and the utility of tokeniz-
ing product passports. This implies either that those very
familiar with product passports do not think there is much
utility with TPPs, or that those who think there is high util-
ity with TPP aren’t very familiar with product passports.
Nevertheless, there is a stronger positive correlation be-
tween TPP utility and those who believe tokenization has
high potential for CCSC. These results align with Figure 7,
where the most frequently mentioned topic was using to-
kens as incentives, not as representations of the asset itself.
Although this supports the direct and utility cases found in
Kifokeris et al. (2023), those cases are out of scope as this
paper focuses on the object representation case.
Storing product passports on-chain ensures their accessi-
bility and permanence for any stakeholder through time.
This approach secures the data and also potentially en-
ables new ecosystem interactions, such as unique wallets
assigned to physical assets and the possibility for tokens
to be held by non-human entities. The proposed scenar-
ios for token usage are directional but grounded in existing
research and survey findings. They require further devel-
opment and verification through technical implementation
and stakeholder engagement. Although this research pri-
marily examines tokens on the Ethereum blockchain, other
blockchains also employ tokens, which could be leveraged
for DPP applications.

Challenges and Limitations
Blockchain in construction, in addition to product life cy-
cle tracking, is a cyber-physical-social systems problem.
To abate this challenge, the researched scenarios should be
able to integrate first with existing systems for business-as-
usual. Thus the use of a common data format andmetadata
schema is critical. Additionally, linking data in tokens to
external servers is often critiqued because of the challenges
associated with the maintenance of hosting externally.
This study is limited by not yet testing implementations of
the proposed scenarios. For the survey, the respondents
primarily work across Europe, with some in the UK and
theUS. Responsesmay vary based on geographical region.
There is a natural selection bias from the method of ap-
proaching the respondents and cannot be taken as a gener-
alizable state of knowledge. There are inherent limitations
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to using a questionnaire as it is more likely respondents
will provide brief or no answers at all. The use of more
exhaustive methods, like interviews or the Delphi method,
may produce more informed responses.
Given the heterogeneity of experiences of the survey re-
spondents, a deeper statistical analysis can be used for
analyzing results. For instance, the results can be parti-
tioned and analyzed separately based on the categories of
responses (e.g., familiarity level with product passports,
familiarity level with tokenization, or country of work).

Future Work
The survey included additional open-ended questions that
were not covered in this study. Additional work can ex-
plore these other inputs from the respondents on hard-
ware approaches, ideal stakeholders, and challenges and
use cases. A few of the respondents noted the importance
of analyzing the value-add of tokenizing product pass-
ports and an understanding of the environmental trade-
offs. These are valid concerns and though they are out of
the scope of this study, stand as points for future work.
This work sets the exploratory and theoretical under-
pinning for future hypothesis development and research
on qualitative implementation and quantitative testing of
these new processes. Future efforts by the researchers will
address the how-to for technical implementation and aim
to quantify impacts. Further work will use a design sci-
ence research approach for an exploration of TPP in a real
building. The survey findings in this study will inform the
goals and design of such a system.

Conclusions
This research investigated the application of tokenization
for product passports in CCSC. The authors employ a
mixed methods approach via a technical review and survey
of experts to frame the potential value of tokenization in
circular construction. The results extend the understand-
ing of blockchain-based product tracking for AEC by fo-
cusing on the potential of using tokens for object represen-
tation of a product passport.
The academic literature confirmed general interest in
blockchain and tokenization for product tracking, although
with limited CCSC applications tested. Survey results sup-
ported the need for product tracking and blockchain for
data transparency, while also noting challenges such as
data gaps and system integration. Features extracted from
various Ethereum tokens were explored for their poten-
tial relevance for product passports. Lastly, these results
were combined for three proposed scenarios of tokeniza-
tion within the CCSC: tokenizing the material DPP, to-
kenizing the material asset, and tokenizing the material
ownership. Future research intends to expand upon this
theoretical foundation by testing the specified scenarios.
This study’s findings suggest that tokens could serve as a
comprehensive information repository, providing innova-
tive application possibilities for CCSC.
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Abstract
The digitization and automation of contracts within the
built environment through blockchain has demonstrated
potential. Nonetheless, the use of on-chain smart con-
tracts can amount to substantial costs. This study pro-
poses a blockchain-governed approach to individually as-
sess whether and how to use blockchain for different com-
ponents of contracts. We explain the rationale behind the
concept and implement a pilot prototype of a performance-
based, blockchain-governed contract. The results promise
an alternative and more cost-effective approach to smart or
intelligent contracts in the built environment, while still al-
lowing for trusted verification of key contract parts through
blockchain.

Introduction
Contracts are important to the collaborative built envi-
ronment and for interactions between its actors. With
the ongoing digital transformation, the digitization and
automation of contracts is increasingly being discussed.
In particular, blockchain technology promises to enable
”smart legal”, sometimes also termed ”intelligent” con-
tracts (Mason, 2017; McNamara and Sepasgozar, 2021;
Allen and Hunn, 2022). Independent of the term, we re-
fer here to the idea to encode contract terms in so-called
blockchain smart contracts, which are scripts deployed on
a blockchain that can then enforce interaction logic with
any blockchain transactions, for example to execute a pay-
ment. Blockchain as an immutable ledger of peer-to-peer
transactions ensures that contract terms are executed in a
transparent and trustworthy manner without the need for a
third-party institution. The applications of smart contracts
for the built environment are diverse (Li and Kassem,
2021). Examples include the automatic execution of coded
terms for contract management (Msawil et al., 2022), au-
tomated contracting for construction projects (Gupta and
Jha, 2023), or performance-based contracts for lifecycle
services based on IoT data (Hunhevicz et al., 2022).
Although a very promising technology for contracting, the
use of blockchain smart contracts also creates challenges
and risks (Mezquita et al., 2019). Most relevant to this
study, their use can amount to substantial costs (Zou et al.,
2021; Hunhevicz et al., 2022). As discussed later in this
paper, potential solutions are to use a blockchain with low
transaction costs or permissioned blockchains. However,

we suggest that a more unexplored option is to decouple
the functionality of smart contracts and use blockchain
only for parts of a contract.
Therefore, we introduce the concept of ”blockchain-
governed” contracts in the built environment, and why
it could be a way to reduce the costs associated with
blockchain-based contract management with reasonable
trade-offs. To do so, we first cover the necessary back-
ground in the point of departure, then introduce the con-
cept of the chosen approach, and show an exemplary im-
plementation of a performance-based contract. Finally, we
discuss our contribution by comparing it to a previous on-
chain implementation of a similar smart contract and point
out limitations and further research.

Point of Departure
Smart Contract Components
As already mentioned in the introduction, smart contracts
encode interaction logic with blockchain transactions. In
simple terms, a smart contract performs tasks like ”if this
happens on the blockchain, then execute this transaction
logic”. Smart contract can be abstracted into four key
components (Hunhevicz et al., 2022), as shown in the up-
per part of Figure 1 and further described below. Although
they can be combined into complex contract constructs, for
the scope of this paper, we can focus on these components
individually.
Identity: Blockchain identifies users with a pair of pub-
lic / private keys. The public key serves as an address to
identify a blockchain user on the network. The private key
acts as a password to sign transaction to prove control of
the respective address. Smart contracts require informa-
tion about which public address is allowed to interact or is
affected by the smart contract functionality.
Payment: Smart contracts can initiate payment transac-
tions in native cryptocurrency or another token. They can
also hold funds and act as bank accounts. Even if the func-
tionality of a smart contract is not related to finance, smart
contract functionality still involves a monetary fee to ex-
ecute transactions. Therefore, for the scope of this paper,
we refer to payments as any use of a token or cryptocur-
rency, both for contract payments or fees.
Data: Smart contracts can store and act on data. Depend-
ing on the blockchain, data is stored through available data
primitives, for example, in the case of Ethereum, state vari-
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Figure 1: Smart contracts involve identity, payment, logic, and
data; a blockchain-governed contract assesses individually

whether and how to use blockchain for each category.

ables, arrays, structs, or mappings¹. To add data to a smart
contract, executing a transaction is required to pay the net-
work for storing the data.
Logic: The key part of a smart contract is its logic related
to transaction execution and interaction, possibly interact-
ing with and connecting the other described components
of identity, payment, and data.

Current Approaches to Smart Contracts
This section reviews current approaches to smart contracts
and, where applicable, provides examples of research in
the context of the built environment.

On-Chain Smart Contracts
In this paper, we refer to on-chain smart contracts as what
is most often meant with the concept of blockchain smart
contracts. They include all the above-introduced compo-
nents in one construct. Once deployed on the blockchain,
the logic is deterministic and fully transparent. Ethereum
piloted the use of such Turing-complete smart contracts
(Buterin, 2014). Several studies in the built environment
use on-chain smart contracts, e.g. on Ethereum (Yang
et al., 2020; Hamledari and Fischer, 2021; Hunhevicz
et al., 2022).
Depending on the used blockchain, the speed of transac-
tion execution can be slow and the associated transaction
costs can amount to large sums (Zou et al., 2021). To re-
duce the costs associated with on-chain contracts, we iden-
tified two main options.
First, a blockchain with cheaper transaction costs can be
used. For example, new generations of blockchain net-

¹https://docs.soliditylang.org/en/latest/internals/
layout_in_storage.html, accessed 30.01.2024

works optimize and market themselves for high transac-
tion throughput and low transaction cost, e.g. the Solana
blockchain². Moreover, existing blockchain networks,
such as Bitcoin and Ethereum, promote the use of second-
layer protocols to process transactions faster and cheaper
(Gangwal et al., 2023). A potential trade-off to faster trans-
action can concern the security of the blockchain (Kiayias,
2016). Furthermore, transaction costs can also increase
as a function of growing network usage. For now, we are
not aware of much research discussing this approach in the
built environment. Examples include Naderi et al. (2023)
and Scott et al. (2024).
The second option is a permissioned blockchain, also
known as a consortium blockchain, e.g. Hyperledger Fab-
ric³. This type of blockchain is run by a set of trusted
actors who operate the blockchain nodes. Permissioned
blockchains offer high throughput and no transaction fees,
as the consensus mechanisms are fast and overhead costs
are typically paid and shared by the consortium. As a po-
tential downside, permissioned blockchains rely on trusted
actors to run the nodes, who have the ability to exclude
transactions and users and even shut down the network
at their discretion. Furthermore, ensuring the availability
of nodes can be challenging over long time periods and
changing stakeholders. Nevertheless, due to its project-
based nature, a consortium approach is often considered
in the built environment (Yang et al., 2020).

Off-chain Approaches to Contracts
A second way to reduce the costs associated with smart
contracts involves moving parts of the smart contract
off-chain, meaning not stored or implemented on the
blockchain. One reason is that the transaction cost of
an on-chain smart contract is typically determined by the
transaction size and involved computation of a smart con-
tract execution. Especially in the context of networks like
Ethereum, moving data off-chain e.g. to external data net-
works like IPFS⁴, is becoming increasingly common, also
for applications explored in the built environment (Tao
et al., 2021; Adel et al., 2023).
Another reason to research off-chain contracts is that some
networks, e.g. Bitcoin, do not support Turing complete
smart contracts. Therefore, different approaches are sug-
gested tomove data and logic off-chain, e.g. outsourcing to
service providers (Wüst et al., 2019), trusted execution en-
vironments (TEEs) (Das et al., 2019), or off-chain schemas
using blockchain as a state commitment layer and owner-
ship control⁵. We are not yet aware of research in the built
environment exploring such contract approaches.
Finally, governance platforms can facilitate trusted process
execution through a blockchain-verified and secure semi-
automated process (Dursun and Üstündağ, 2021). ”Po-
litea”⁶ is an example for such a platform used as a pro-

²https://solana.com/
³https://www.hyperledger.org/projects/fabric
⁴https://ipfs.tech/
⁵https://rgb-org.github.io/
⁶https://proposals.decred.org/
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posal and payment system for the Decred blockchain con-
tractors. Although no formal on-chain logic is utilized,
it makes use of timestamps to allow for checking and re-
evaluating the process in case of disputes. Timestamping
is inherent to blockchains; each block and transaction has
a timestamp for clear recognition. Using this mechanisms,
data can be attached to a transaction to create a fingerprint
for off-chain data as a proof of existence.

Motivation and Scope of This Study
The previous sections showed that there are different ap-
proaches to smart contracts. An alternative to on-chain
smart contracts is moving parts or all of the contract com-
ponents off-chain. We see these approaches as a viable
alternative for smart or intelligent contracts in the built en-
vironment for the following reasons.
Known actors: Construction and the built environment
rely on established processes. The decision to use
blockchain involves a trade-off between trusting the tech-
nical system vs. trusting the involved actors (Hunhevicz
and Hall, 2020). If actors are known and accountable, the
cost premium of a fully decentralized on-chain smart con-
tract may not be justified.
Time spans: Construction contracts usually span duration
of several years of individual project phases, e.g., for de-
sign and construction. Even though such contracts can
benefit from a blockchain approach, it might not be jus-
tified to pay for an on-chain contract that lasts as long as a
blockchain exists.
Physical nature: Blockchain-based contracts need to rely
on trusted feedback loops of physical processes and prod-
ucts. Although the logic of an on-chain smart contract is
trustworthy, wrong input data could jeopardize a correct
execution. A partial off-chain approach could be a practi-
cal middle ground with reasonable trust and transparency.

Trust in existing systems: The construction industry is
known for slow technology adoption. In many cases, the
possibility of traditional identity verification, FIAT pay-
ments, or the possibility for more data privacy has pri-
ority. A blockchain-governed approach could better con-
sider these aspects than a pure on-chain smart contract.
Therefore, this study proposes the concept of ”blockchain-
governed” contracts for the built environment, and pi-
lots an off-chain governance system for an exemplary
performance-based contract.

Blockchain-Governed Contracts
The term ”blockchain-governed” contract is proposed in
this paper for contracts that use blockchain in one of the
four components introduced (identity, payment, logic, or
data), but at the same time also do not use blockchain
with an off-chain approach in at least one category. As
shown in Figure 1, such a blockchain-governed approach
allows to individually evaluate for use cases whether and
how blockchain is used for each component. Table 1 pro-
vides non-exhaustive examples of the differences between
an on-chain and an off-chain approach for each component.

Proposed Off-Chain Governance System
To illustrate the concept of blockchain-governed contracts
in the built environment, we propose an off-chain gover-
nance system for a contract in the built environment in Fig-
ure 2. The figure is organized in a matrix structure, with
the four components of identity, payment, and logic ar-
ranged vertically, and the physical built environment, the
off-chain governance system, and blockchain (on-chain)
arranged horizontally. The proposed system is inspired by
the aforementioned Decred governance system, which has
been operational since 2017. Therefore, this system is al-
ready proven in the context of managing the development

Table 1: Exemplary differences in choosing an on-chain vs. off-chain approach for the four contract components. The proposed
concept of blockchain-governed contracts could then use either option, but at least one on-chain, and one off-chain component.

On-Chain Off-Chain

Identity To execute an on-chain transaction, actors need a
blockchain address, e.g. for payments, logic execu-
tion, or storing data. Each transaction needs to be
signed with the corresponding private key.

Traditional credentials such as username and pass-
word can be used as means of identification for off-
chain contract applications, timestamping, or read-
only functionality of blockchain state.

Payment Cryptocurrency and tokens can be used as a means
of payment. Execution guarantee, censorship resis-
tance, and customization of the monetary asset can
be advantages of using on-chain payments. Costs re-
fer to network transaction costs.

Traditional third-party payment methods in FIAT
currencies such as EUR can be linked to the con-
tract, e.g. via application interfaces (APIs). Bene-
fits include compliance with traditional systems and
regulations. Costs relate to service fees.

Logic On-chain logic provides several benefits, including
direct interaction with the blockchain state (such
as executing a payment), transparent and verifiable
logic, and censorship resistant logic that cannot be
changed unnoticed.

Off-chain logic can be transparent and verifiable by
using accessible (public or distributed local) code
repositories combined with timestamping. This en-
ables the logic to be recalculated and verified. It may
also be possible to use other approaches (e.g. TEEs).

Data Data stored on a blockchain is transparent, im-
mutable, and available as long as the blockchain ex-
ists. These characteristics ensure the data cannot be
altered or deleted unnoticed.

Moving data to external storage locations can reduce
on-chain computation costs. The smart contract can
reference the data’s location and timestamp to verify
its authenticity.
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Figure 2: Exemplary blockchain-governed contract system for the built environment.

of the Decred ecosystem, making it a good starting point
for investigating blockchain-governed systems in the built
environment. In addition, it demonstrates the interaction
between the different components using both on- and off-
chain approaches.
A typical process would work as follows (see Figure 2):
(1) All stakeholders create both login credentials for the
governance platform, as well as an address so that the con-
tract payout terms can be defined and encoded. (2) The
parties negotiate the contractual agreement. (3) The con-
tract terms are encoded. (4) The contract is stored in the
off-chain governance database. (5) The contract is times-
tamped so that it can later be verified as authentic. (6) The
responsible stakeholders create and fund the project ac-
count from which the payments will be released. (7) The
required data is captured, streamed, and stored off-chain in
the project database. All stakeholders should have a local
copy, or at least access to the data. (8) The data is period-
ically timestamped so that it can be verified at a later time
based on the locally stored copies. (9) At defined intervals,
performance is automatically evaluated based on the input
data and contract terms. All results are published transpar-
ently to stakeholders. (10) Stakeholders can confirm the
evaluation. Only in the case of an error or disagreement, a
dispute resolution process would start to verify the correct
performance logic and data based on timestamps (dotted
line in Figure 2). (11) If there is no disagreement, or af-
ter the dispute is resolved, the generated invoices are con-
firmed and signed by the necessary stakeholders. (12) Pay-
outs are made in cryptocurrency to the defined addresses.

Implementation
We developed a pilot prototype to obtain first insights into
the feasibility and challenges of the proposed blockchain-
governed contract approach. After introducing the tested
process, we outline for each component (identity, payment,
logic, and data) the chosen approach for our prototype, in
line with the proposed governance system in Figure 2.

Tested Process
The example follows the use case of a performance-based
contract that rewards stakeholders for meeting the energy
performance targets of operating a building. A similar pro-
cess was implemented and evaluated in a previous study
(Hunhevicz et al., 2022), allowing for a good comparison
regarding process, cost, and efficiency. For the interested
reader, the referenced study also gives more details on the
rationale of performance based contracting.
Figure 3 shows the interaction between the technical parts
implemented, as well as the stakeholders. The general idea
is that a building owner initiates the use of a blockchain-
governed contract to issue automatic payments to a con-
tractor responsible for operating and managing the en-
ergy system. The exact logic of the contract is not im-
portant for the scope of this work; in this example we
used historic temperature data from the NEST building at
EMPA Dübendorf, Switzerland⁷, issuing payments when
the managed temperature stays within a defined range
around the set-point temperature.

⁷https://www.empa.ch/web/nest/
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Logic
The core of the prototype is a web application built with
Next.js⁸ that manages the main contract governance pro-
cess. The stakeholders can define a new data set, as well
as the contract logic with the main parameters of the con-
tract (see Figure 4). In our case, we defined the sensor data
set, the payout address, the set point temperature, the al-
lowed deviation and threshold for penalties, and the payout
amount of the performance based contract.
The contract will be time-stamped after its creation, an-
choring the hash of the JSON contract file to the Decred
blockchain (see Figure 4). We chose dcrtime⁹, because the
service is open source and freely accessible via API. Dcr-
time timestamps approximately every hour, called anchor-
ing. To indicate the status of the process, the application
changes from ”not timestamped”, to ”waiting for anchor-
ing time”, to ”timestamped”. Once timestamped, the di-
gest can be retrieved from the application and checked for
the timestamp and transaction hash on Timestamply¹⁰. In
Decred’s blockchain explorer¹¹, the transaction details can
be displayed.

⁸https://nextjs.org/
⁹https://github.com/decred/dcrtime
¹⁰https://timestamp.decred.org
¹¹https://dcrdata.decred.org

After a defined evaluation period, the results can be com-
puted for the specified data set and defined contract logic.
To make this evaluation trustworthy, the data and results
are visualized in the application (see Figure 5). In case
there are concerns about the validity of the process, the
code and data can be checked against local copies or copies
stored in an open source repository, and if needed, even re-
deployed and recalculated with the timestamped data and
contract logic to check for authenticity.

Payment
Payouts are released from a separate project account,
which is set up as a multi-sig wallet by the owner and
contractor, meaning that both the owner’s and contractor’s
blockchain signatures are required to move funds. This
was implemented so that neither party could spend the
funds without the other’s approval. After calculation of the
payouts, the invoice to credit the project account is auto-
matically created based on the specified payout addresses.
If both parties agree, they can import the proposed trans-
action to their respective wallets and sign for execution.

Identity
The above described web application requires a standard
username and password for identity verification. How-
ever, the application could also have used blockchain-
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(1) For timestamped contracts, the digest can be retrieved.

(2) Timestamply shows details of the digest (https://timestamp.decred.org/).

(3) The transaction was included in block 839168 (https://dcrdata.decred.org/).

Figure 4: Contracts can be created in the application with the needed parameters for the evaluation and payout. After creation, they
can be timestamped to ensure verifiability at a later point.

based access verification (Hunhevicz et al., 2023). This
demonstrates that there can be different identity proce-
dures within one blockchain-governed contract.
For the payouts, a blockchain wallet is needed. Since we
chose the Bitcoin blockchain for payments, we used the
Electrum¹² wallet to create the public/private key pairs,
since it allows for easy multi-sig capabilities. The owner
and the contractor each need their own wallet.

Data
Data is stored off-chain in a relational SQL database ac-
cessed by the application. In our example, the application
used historical temperature tiime series of the NEST build-
ing from the ehub platform¹³ through the available APIs.
In addition to the main off-chain storage, the data is times-
tamped in weekly intervals, as introduced above for the
contract logic (see also Figure 4). Therefore, the hashes
of the data are stored on-chain on the Decred blockchain.

Discussion and Conclusion
This study is a first attempt to find practical alternatives
to pure on-chain smart contracts in the built environ-
ment. The proposed decoupling and individual evaluation
of whether and how to use blockchain for identity, pay-
ment, logic, and data was termed ”blockchain-governed

¹²https://electrum.org/
¹³https://info.nestcollaboration.ch/wikipediapublic/

contract”. The then proposed and evaluated exemplary
contract governance system combines on- and off-chain
approach, mainly using blockchain for proofing authentic-
ity of data through timestamping, as well as payouts.
One of the most interesting consequences of this approach
is that it forces an implementer to think about the indi-
vidual parts of a contract and whether blockchain makes
sense. With a complete on-chain approach, the entire con-
tract is usually implemented on-chain, although only a sub-
set would benefit from it. This means that blockchain
could be used for only parts of a contract and that dif-
ferent parts of the contract may use different features of
blockchain, possibly even different blockchains. For ex-
ample, timestamping could benefit from the free services
offered by e.g. the Decred dcrtime¹⁴ library or Bitcoin’s
opentimestamps¹⁵, while other features that require on-
chain smart contracts could use a fast blockchain layer for
high throughput and reasonable transaction costs. A more
extensive and systematic analysis on when to use which
blockchain would be interesting future research.
In addition, more work is needed to complete an imple-
mentation and validate it in a real-world contracting sce-
nario. One of the missing pieces of the here tested sys-
tem is the dispute resolution process, in case the par-
ties do not accept the evaluation and payments performed.

¹⁴https://github.com/decred/dcrtime
¹⁵https://opentimestamps.org/

47



Figure 5: Evaluation of data in the application based on the contract terms and data set to calculate payouts. Authenticity of the data
and contract can be checked against the timestamps. The invoice is created and needs to be signed by both the contractor and owner.

Other works have already proposed blockchain-based dis-
pute resolution platforms for the built environment (Say-
gili et al., 2021; Son and Lien, 2022), which could serve
as inspiration. We are confident that a suitable mecha-
nism could be designed and implemented. Furthermore,
while the proposed system seems like a reasonable ap-
proach, it is only one of many possible combinations be-
tween on- and off-chain for the different contract compo-
nents as described in the departure section. Other combi-
nations should be designed and tested for comparison.

A blockchain-governed contract approach appears to of-
fer more flexibility and the potential for cost savings com-
pared to an on-chain smart contract. In addition, we be-
lieve it could also improve the usability of smart contracts,
since only parts of the contract require a blockchain, which
is currently a mostly new technology unfamiliar to most
stakeholders in the built environment. Complicated smart
contract applications could be avoided. In our case, the
proposed governance platform is similar to current web ap-
plications, except that payment execution requires a wal-
let. Another interesting observation is that a blockchain-
governed approach requires more manual and human in-
put than a full on-chain smart contract. In this sense,
it can be considered less automated then previously pro-
posed smart or intelligent contracts, but is potentially sim-
pler and closer to existing practice. However, the verifica-

tion process is likely to take longer to resolve than a fully
transparent and deterministic on-chain approach, partic-
ularly in the event of a dispute. More detailed research
is needed to evaluate user experience aspects, the indus-
try requirements and readiness for different blockchain-
governed smart contract platforms, as well as a quantitative
comparison of cost and performance, e.g. under what cir-
cumstances the cost of on-chain smart contracts compared
to a blockchain-governed approach is justified. Overall, a
blockchain-governed contract approach seems a solution
worth exploring in the built environment.
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Abstract 
Construction project governance (CPG) offers a 
strategic framework to guide participants through 
complex construction projects. Emphasizing the trust 
mechanism within CPG is crucial for managing inter-
organizational relationships. Blockchain (BC) can 
serve as an enabler for trust-based CPG by facilitating 
and regulating relationships at the project level. 
Accordingly, this paper aims to identify CPG's trust 
requirements and assess the relationship between 
CPG's trust requirements and BC's characteristics 
through a state-of-the-art review. The results indicate 
that integrating BC’s distinctive characteristics across 
project delivery can enhance CPG's trust requirements. 
This study presents comprehensive guidelines for 
developing a trust-based CPG model. 

Introduction 
Construction projects face temporal constraints, 
including limited duration, unique tasks, ambiguous 
hierarchies, diversity, and ad-hoc coordination 
(Sergeeva, 2019). These temporal aspects negatively 
impact long-term engagement, crucial for establishing 
trust among project stakeholders (Yan and Zhang, 
2020). Trust describes relational aspects such as 
shared confidence and positive expectations that each 
organization will act in a mutually beneficial way (Li 
et al., 2021). Trust between project stakeholders is one 
of the most critical factors for successful construction 
projects (Qian and Papadonikolaki, 2020). To 
establish trust, a comprehensive construction contract 
should clearly outline the requirements, obligations, 
and specifications of all project stakeholders. 
However, incomplete contracts arise during 
construction projects due to project stakeholders' 
bounded rationality and asymmetric information 
(Winch, 2010). As a result, continuous adjustment 
between project stakeholders is necessary throughout 
the project life cycle (Mansor and Rashid, 2016). As 
such, incomplete formal contracts with transactional 
relationships and informal agreements governing 
complex construction projects failed to ensure high 
trust at the project level, leading to issues like time 
delays, cost overruns, and compromised project 
quality (Liu et al., 2022).  
Construction project governance (CPG) offers new 
insights into the trust challenge from a broader 
perspective (Lin et al., 2020). It aims to guide 
construction projects toward meeting stakeholders’ 

goals by inducing collective behaviors through 
efficient regulation and principles (Müller and 
Martinsuo, 2015). Providing structures, processes, 
decision-making frameworks, and project 
management tools, CPG aligns objectives with each 
stakeholder’s organizational governance models 
(PMI, 2017). However, the current CPG’s rigid 
monitoring, strict contractual management, and 
rigorous audit mechanisms decrease communication, 
transparency, cooperation, and motivation, leading to 
low trust in construction projects (Lin et al., 2020). 
Blockchain (BC) has the potential to establish a trust-
based CPG (Xu et al., 2022). BC can facilitate the trust 
mechanism of CPG by directing network participants’ 
behaviors through autonomous services and 
effectively governing relationships among BC 
network participants by enabling reliable information 
sharing (Lumineau et al., 2021). As a digital ledger 
technology, BC chronologically records transactions 
across a peer-to-peer network (Das et al., 2020). It 
provides real-time transmission for synchronized and 
immutable data through predetermined consensus 
algorithms, securing block-linked databases via 
cryptography and hashing algorithms (Perera et al., 
2020). However, existing research has not revealed the 
relationship between CPG’s trust requirements and BC 
(Xu et al., 2022). Therefore, this research aims to 
explore the trust requirements of CPG and assess the 
relationship between these requirements and BC 
characteristics through a state-of-the-art review. 

Research Methodology 
This study employed a state-of-the-art literature 
review to provide insights into current scientific 
advancements (Barry et al., 2022) and fresh 
viewpoints on the association between BC 
characteristics and trust requirements in CPG. 

Table 1: Database, inclusion criteria, and search terms for 
a state-of-the-art review 

Category Details 

Database Scopus and Web of Science 

Inclusion criteria Academic journal papers 

Search terms (“trust” OR “governance” OR 
“relational governance” OR 
“relational norm” OR “construction”) 
AND “blockchain” 
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The Scopus and Web of Science academic databases 
were used to source high-quality scholarly articles. 
Details regarding inclusion criteria and specific search 
terms are outlined in Table 1. 
Figure 1 outlines the methodology of the 
comprehensive review carried out in this study.  

Specifically, the initial step involved a preliminary 
examination and identification of pertinent literature 
using specific keywords and inclusion criteria within 
the chosen database. The second step entailed a 
screening phase conducted through an abstract 
analysis. The final selection of 32 papers for in-depth 
analysis was made after an eligibility assessment based 
on a full-text review. Hence, the thorough review 
identified a gap in the existing literature, particularly 
its lack of exploration into the connection between BC 
characteristics and trust requirements of CPG.  

Trust in Construction Project Governance 
A common-pool resource is a shared resource that can 
be used without causing any harm under favorable 
conditions (Ostrom, 2019). A construction project can 
be regarded as a common resource scenario with a 
shared resource pool, decision-making rights, and 
risk/reward. Common-pool resource scenarios 
governed by a top-down governance approach exhibit 
multiple systematic failures (Hall and Bonanomi, 
2021). However, the current CPG is biased towards 
top-down project governance using contractual project 
governance rather than bottom-up project governance. 
This top-down governance approach using rigorous 
monitoring processes and strict contract terms and 
conditions decreases trust at the project level 
(Sergeeva, 2019). 

Additionally, according to agency theory and 
transaction cost economics, construction project 
stakeholders can be opportunistic, selfish, and possess 
bounded rationality in the common-pool resource 
contexts (Winch, 2010; Hall and Bonanomi, 2021). 
Trust is critical to limit these negative features of 
legally intertwined entities by facilitating mutual 
benefits, knowledge sharing, and emotional bonds 
(Laan et al., 2012). As such, trust can improve project 
performance by achieving unique objectives within a 
set period and controlling uncertainty and 
fragmentation in complicated construction processes 
(Lu et al., 2021b). In particular, trust is essential when 
uncertain situations and issues bearing risk occur. It 
can lead to a reliable relationship based on practical 
cooperation (Lakusic, 2021). However, fragmented 
construction processes, the temporality of projects, 
and project stakeholders’ opportunistic behaviors 
hinder the establishment of trust in the construction 
project environments (Ke et al., 2015).  
Furthermore, self-organization explains the 
phenomenon where many agents interact with each 
other in a disordered complex situation but increase 
order and regularity through the interaction between 
spontaneous agents. Due to the uncertainties of the 
construction contract system, the agents participating 
in the construction project voluntarily form a self-
organizing network to address these uncertainties 
(Steen et al., 2018). Specifically, stigmergy is an 
example of self-organization involving indirect 
communication and learning processes through non-
linear rules and methods. This provides a basis for 
understanding social agent interaction that induces 
complex patterns (Ramos and Abraham, 2004). 
Stigmergic principles need more flexible project 
governance structures and play an important role in 
building trust in construction projects by providing 
reliable coordination solutions and inducing collective 
actions within limited information-sharing 
environments (e.g., construction projects) (Dounas et 
al., 2022). 

Trust Requirements of Construction 
Project Governance 
While agency theory and transaction cost economics 
as project governance theories provide the contexts of 
low trust in construction projects involving multiple 
project stakeholders, contingency and network 
theories provide the foundation for conceptualizing 
and understanding CPG’s three trust requirements 
(mutuality, flexibility, and solidarity) derived from 
relational norms (Lu et al., 2015; Musawir et al., 
2020): 
• Mutuality: Willingness to mutually improve the

current situation compared to the previous
situation.

Figure 1: The state-of-the-art review process (devised by 
authors) 

51



• Flexibility: Willingness to accept adjustments and
modifications according to changed circumstances.

• Solidarity: Willingness to maintain and stabilize
partner relationships.

Table 2 collates trust requirements underpinned by 
contingency and network theories, from the 15 reviewed 
papers on Trust CPG, Construction projects. 

Table 2: Research on trust requirements of CPG contexts 

Authors Trust requirements 

Mutuality Flexibility Solidarity 

(Tian et al., 2023) ü ü 

(Paswan et al., 2017) ü ü 

(Liu et al., 2022) ü ü 

(Benítez-Ávila et al., 
2019) 

ü ü 

(Zheng et al., 2008) ü ü 

(Chakkol et al., 
2018) 

ü 

(Xu et al., 2022) ü ü ü 

(Lu et al., 2015) ü ü ü 

(Yang et al., 2022) ü ü ü 

(Lin et al., 2020) ü 

(Haq et al., 2019) ü ü 

(Müller and 
Martinsuo, 2015) 

ü ü 

(Benítez-Ávila et al., 
2018) 

ü ü 

(Bonatto et al., 
2020) 

ü ü 

(Cao and Lumineau, 
2015) 

ü ü 

Contingency theory focuses on organizational 
effectiveness, described as the degree of alignment 
between the organizational characteristics and 
contingencies reflecting an organization’s internal and 
external environment (Lizarralde et al., 2011).  
Contingency theory posits that contingency variables 
(such as governance, size, culture, strategies, stakeholder 
motivations, or legal frames) align with the changing 
internal and external environment to improve 
organizational performance (such as time, cost, quality, 
scope, and benefit) and thus facilitate mutuality and 
solidarity (Deng and Smyth, 2013). The dynamic and 
flexible nature of contingency theory through its continual 
response to changing environments, suits the examination 

of various types of construction projects from diverse and 
complex backgrounds (Hanisch and Wald, 2012). 
However, construction project’s temporality including 
limited duration, featuring ambiguous hierarchies, 
diversity, and informal coordination hinders the 
establishment of trust at the project level (Deng and 
Smyth, 2013). According to the contingency, CPG should 
highlight three relational norms: mutuality, flexibility, 
and solidarity among construction project stakeholders. 
These relational norms enhance trust by increasing 
responsiveness to the internal and external environments 
at the project level (Musawir et al., 2020; Xu et al., 2022). 
In addition to contingency theory, network theory 
emphasizes the efficiency of a network comprising 
multiple stakeholders participating in a construction 
project (Wang and Yin, 2023). Like the contingency 
theory, the network theory emphasizes flexibility, 
solidarity, and mutuality of relational norms as trust 
requirements through networking and a network’s 
efficiency (Musawir et al., 2020). Network theory is a 
subset of graph theory, which is the study of the properties 
of graphs and the mathematical definition of networks. In 
general terms, a graph is composed of nodes (objects that 
constitute the graph) and edges, representing the 
relationship between the nodes. Graph theory is used to 
analyze connected node data through various graph 
algorithms, such as basic statistics, graph data queries, 
visual exploration, and machine learning (Needham and 
Hodler, 2019). Similarly, network theory focuses on 
research into the connection patterns, network structures, 
node positions, and node outcomes of actors 
corresponding to the nodes in the graph. Accordingly, 
network theory is used in social science to study the 
characteristics of human society, such as group 
phenomena and human communications (Lu et al., 
2015b). Hence, network theory is widely used in project 
governance, requiring network thinking to study complex 
construction project networks (Li et al., 2020). However, 
the non-linear execution of the construction project 
network, self-organization of multiple stakeholders 
within that network, and various emergent project 
situations can decrease network efficiency.  
In response to these trust requirements, BC has been 
focused on as a potential solution to meet CPG’s trust 
requirements (Lumineau et al., 2021; Xu et al., 2022). 

Fundamentals of Blockchain Technology 
BC consists of four fundamental technologies (Nawari 
and Ravindran, 2019; Perera et al., 2020): 

• P2P networks enable nodes to efficiently store, share,
and manage files in a decentralized manner,
enhancing speed and security in various digital
services without requiring a central server.

• Hashing algorithms assure consistent outputs for
identical inputs and resistance to reverse calculation,
linking multiple transactions within a BC.
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• Cryptography secures data in BC networks,
employing either symmetric methods (fast but less
secure) or asymmetric methods (more secure but
computationally intensive).

• Consensus algorithms aim to maintain transaction
orders even in adversarial environments by ensuring
agreement among nodes on a single piece of data.
These algorithms prevent malicious actions,
addressing the Byzantine Generals’ Problem,
describing how Byzantine troops attacked a
completely enclosed city.

Characteristics of Blockchain Technology in 
Construction Project Governance Contexts 
A permissioned blockchain, known as a consortium 
blockchain, is appropriate for governance contexts in 
construction projects (Zhong et al., 2020). A synthesis of 
literature from the 17 reviewed papers on BC, trust and 
CPG revealed the fundamentals of BC lead to six 
significant BC characteristics (see Table 3) in the 
permissioned BC contexts: 

Table 3: The characteristics of blockchain in the construction 
project governance contexts 

Characteristics Details 

Autonomy Blockchain offers a range of 
autonomous services using smart 
contracts, which function as 
computerized protocols for business 
logics (Nawari and Ravindran, 2019). 

Decentralization Blockchain, as a digital ledger system, 
operates without a central 
administrator and a centralized data 
storage framework (Perera et al., 
2020). 

Immutability Once data are added in the blockchain 
networks, transactions on the 
blockchain cannot be canceled or 
altered (Das et al., 2020). 

Security Blockchain protects data and prevents 
fraud by using public keys for network 
transactions and private keys for 
managing confidential information 
(Ciotta et al., 2021). 

Traceability Every transaction on the blockchain is 
accurately recorded and timestamped, 
allowing network participants to 
access and track these records on any 
node (Msawil et al., 2022). 

Transparency Authorized participants in the 
blockchain networks or channels have 
access to the same version of data 
(Teisserenc and Sepasgozar, 2021). 

The Relationship Between Trust 
Requirements of Construction Project 
Governance and Characteristics of 
Blockchain Technology 
There are strong relationships between CPG trust 
requirements and BC characteristics in construction 
project contexts characterized by a common pool resource 
and stigmergy (see Figure 2).  

First, decentralization, transparency, traceability, 
immutability, and autonomy are key factors that can 
enhance mutual relationships among project stakeholders. 
Decentralization can promote mutuality by creating 
interconnected networks that are directly operated by 
distributed entities without any central authority at the 
project level (Ciotta et al., 2021). Transparency and 
traceability allow authorized project stakeholders to 
verify the actions of other network participants, thus 
promoting mutual trust (Das et al., 2022). Immutability is 
also vital in mutual relationships, as it ensures that data is 
not altered or tampered with (Lu et al., 2021b). Autonomy 
can positively impact mutuality by enabling transparent 
obligations and increasing the commitment of network 
participants through smart contracts with coded terms (Xu 
et al., 2022). These transparent obligations and increased 
commitments align with the principle of mutuality 
(Nawari and Ravindran, 2019). Thus, blockchain 
technology can help establish mutual relationships that 
are based on a willingness to improve the current situation 
at the project level (Perera et al., 2020). Second, 
decentralization, transparency, security, and autonomy 
can significantly improve flexibility in the context of CPG 
(Ciotta et al., 2021). Compared to centralized systems, 
BC’s decentralized architecture enhances flexibility in 

Figure 2: Blockchain characteristics and trust requirements 
of construction project governance (devised by authors) 
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terms of response time against the risk of system failures 
or attacks (Fiorentino and Bartolucci, 2021). On the other 
hand, transparency and security enable reliable and secure 
information sharing, which positively impacts behavioral 
flexibility by allowing project stakeholders to respond 
quickly and efficiently to internal and external changes 
(Wang and Yang, 2022). Likewise, autonomy increases 
flexibility for data integration into a secure network by 
governing data access control within the construction 
project network (Msawil et al., 2022). As a result, 
blockchain-enabled flexibility can help construction 
project stakeholders adapt effectively to any adjustments 
against rapidly changing external environments (Perera et 
al., 2020).  
Finally, decentralization, transparency, traceability, and 
autonomy are important factors that contribute to 
solidarity among stakeholders in construction projects 
(Xu et al., 2022). Decentralization and autonomy enable 
the democratization of control in the CPG context, which 
promotes equal and participatory decision-making 
processes (Das et al., 2022). This, in turn, leads to better 
solidarity through collaboration among project 
stakeholders (Perera et al., 2020). For example, 
decentralized autonomous organizations and voting 
applications through BC ensure that stakeholders work 
together through a fair democratic system for collective 
decision-making (Nawari and Ravindran, 2019). 
Transparency and traceability are essential for promoting 
ethical practices and establishing an accountable cultural 
system in construction projects. This positive culture 
promotes solidarity from the project stakeholders at the 
project level (Li et al., 2019). As a result, the strengthened 
solidarity positively impacts stakeholders’ willingness to 
maintain and stabilize relationships (Yang et al., 2022). 
Hence, focusing on CPG trust requirements (mutuality, 
flexibility, and solidarity) through BC enables flexible 
bottom-up rather than top-down governance, enhancing 
trust at the project level (Xu et al., 2022). Accordingly, 
the network-based bottom-up project governance through 
BC aligns with the stigmergy of construction projects as a 
common pool resource (Dounas et al., 2022; Hall and 
Bonanomi, 2021). 

Discussion 
The first objective of this study was to explore CPG's trust 
requirements. The findings of this research indicated that 
mutuality, flexibility, and solidarity derived from 
relational norms are significant trust requirements in the 
CPG context. These results are aligned with those of 
previous studies about relational norms in the CPG 
context. For instance, Benítez-Ávila et al. (2018) argued 
that the  CPG trust can be enhanced by mediating the 
effect of formal CPG designs and increasing project 
coalitions’ capacity to coordinate tasks and reach high 
levels of cooperation. Similarly, mutual association 
through established normative practices and expectations 
in construction projects facilitates trust. The relational 
norms underpinning trust requirements yield positive 

outcomes and foster a high degree of trust by curbing 
opportunistic behaviors in CPG environments (Xu et al., 
2021). However, previous studies have failed to define 
CPG trust requirements and the theories underpinning 
them. The study highlights the importance of utilizing a 
flexible bottom-up project governance approach for 
construction projects conceptualized as a common-pool 
resource and stigmergy instead of top-down governance 
approaches. Additionally, the examination of contingency 
theory as a governance theory revealed that the current 
CPG system diminishes trust in construction projects due 
to its inability to swiftly adapt to rapid changes in the 
construction project’s internal and external environments. 
Likewise, network theory suggests that traditional CPG 
systems fall short in facilitating effective communication 
among project stakeholders in the intricate networks of 
construction projects, which erodes trust. In particular, 
project clients and main contractors (Li et al., 2020), 
dealing with intricate interests involving multiple 
stakeholders, prioritize efficient and rapid decision-
making in CPG. They should also emphasize network-
based project management, scrutinizing network 
connection patterns, structures, node positions, and 
outcomes within the multifaceted networks of 
construction projects. 
Nevertheless, previous research on blockchain-based 
CPG  tended to focus on the control aspects of CPG, 
which emphasizes the relationship between BC and the 
tools of control-based CPG: contract management (Kim 
et al., 2022), procurement management (Gupta and Jha, 
2023), project assurance (Lu et al., 2021a; Das et al., 
2022) and quality assurance (Lu et al., 2022) – to limit 
opportunism in the construction network. In response to 
the limitations of previous studies, this study aimed to 
assess the relationship between CPG trust requirements 
and BC characteristics. This state-of-the-art review 
introduces new knowledge to CPG research by 
identifying that BC’s six distinctive characteristics can 
increase CPG’s three trust requirements. According to 
Ostrom (2019), there are many instances of common-pool 
resource situations where top-down governance has led to 
significant and consistent failures. In response to this 
project governance challenge, the result theoretically 
presents a basis for establishing a BC-aided relational 
CPG that can guide the reliable coordination and 
collective behaviors of construction project stakeholders 
through the bottom-up approach. The relational CPG 
through BC leads to structural relationships between 
network participants, enhancing trust through 
collaborative project networks under uncertain project 
environments (Liu et al., 2022).  
However, developing relational governance under 
complex construction environments demands significant 
time investment and resource-intensive social processes 
from project stakeholders (Xu et al., 2022). In response to 
these challenges, this study provided the practical trust-
based CPG model through BC (see Figure 3). The 
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findings indicate the possibility of developing a practical 
trust-based CPG model. Specifically, BC channels, nodes, 
orderers, and ledgers (Zhong et al., 2020) can be 
configured, taking into account the unique context of each 
construction project. Additionally, a common data 
environment (CDE) can be used to connect existing CPG 
systems using construction contracts, project assurance, 
quality assurance and key performance indicators (KPIs). 
Trust among project stakeholders can be improved by 
securely storing, validating, and accessing project 
information using smart contracts. Ultimately, this trust-
based CPG with BC can satisfy three trust requirements 
(mutuality, flexibility, and solidarity) of CPG. Therefore, 
this blockchain-enabled CPG, which is characterized by 
reliable decentralization, can efficiently govern and direct 
construction projects by enabling systematic self-
organization and stigmagy environments. In particular, 
this system can provide novel insights allowing key 
project stakeholders (clients, main contractors, and 
consultants) to establish a trust CPG system while 
maintaining the existing governance system, including 
construction contracts and project assurance (Sergeeva, 
2019). 

Conclusions 
This study, which adopted a state-of-the-art review, aimed 
to explore CPG’s trust requirements and assess the 
relationship between CPG’s trust requirements and BC’s 
characteristics in construction projects distinguished by a 
common pool resource and stigmergy. The study revealed 
that CPG has three trust requirements: mutuality, 
flexibility, and solidarity. The distinctive six 
characteristics of BC; autonomy, decentralization, 
immutability, security, traceability and transparency can 

improve these trust requirements. Consequently, the 
findings bridge the knowledge gap concerning the trust 
requirements of CPG and their association with BC. The 
result theoretically lays the groundwork for establishing a 
BC-supported relational CPG, guiding stakeholder 
behavior in construction projects. The findings also 
indicate the potential for a practical, trust-based CPG 
model by using BC. This research serves as a foundational 
step toward achieving fully automated, trust-based CPG 
systems. 
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Abstract
We investigate the Green Building Incentive mechanisms
to overcome identified barriers in adoption. With the aim
of increasing the overall efficiency of the certification sys-
tem, integration with the blockchain is proposed. Fur-
ther, the blockchain concept and its applications are in-
troduced. Blockchain-related incentive mechanisms and
their intricate relationship with design and governance are
also highlighted, through a systematic review. We con-
clude with the need for a stakeholder survey for the most
suitable blockchain design and governance.

Introduction
The construction industry’s impact on sustainability high-
lights the need for green buildings Jayakody and Vaz
(2023). Measuring a building’s sustainability performance
becomes crucial as we strive to mitigate negative con-
sequences. In response, several versions of the Green
Building Certification System (GBCS) have evolved to
measure a building’s sustainability performance Braulio-
Gonzalo et al. (2022). Despite its importance, barriers hin-
der the widespread adoption of green building certification
Agyekum et al. (2019). In response, incentivemechanisms
have been introduced, but their effectiveness still needs to
be improved Olubunmi et al. (2016). Lack of sufficient
motivation for green building certification drives explo-
ration into innovative solutions, with blockchain emerging
as a promising option.
Blockchain technology introduces a decentralized and se-
cure way to manage records Turk and Klinc (2017). With
their ability to represent various incentives, blockchain ap-
plications expand to the construction industry, offering vi-
able solutions to the barriers encountered by GBCS . How-
ever, an effective application for GBCS requires careful
consideration of BC design and governance Fan and Wu
(2020).
This article explores the relationship between blockchain,
governance, and incentives, examining their roles in poten-
tially improving green building certification adoption. In-
vestigating stakeholder perspectives becomes decisive be-
cause their preferences are the main driver for a tailored
blockchain design in the green building certification area.
This study reveals blockchain’s potential to advanceGBCS
by promoting sustainability through efficient governance
and alternative incentive mechanisms.
The article’s structure is as follows: in the first section, we
delve into green building certification and examine barri-
ers to its adoption. Moving to the second section, we in-
troduce blockchain technology and its application require-
ments. In the third section, we investigate the capabilities

of blockchain in GBCS. Finally, we conclude by harmo-
nizing key insights and proposing future research.

Methodology
To conduct a literature review and define the knowledge
gap, we researched relevant articles in Google Scholar.
We utilized Boolean operations to filter our search with
the following keywords: ”blockchain AND green building
certification AND incentive mechanisms”, ”blockchain
AND sustainable building AND financial incentives OR
non-financial incentives”, and ”blockchain AND green
building certification AND financial incentives OR non-
financial incentives”. These keywords were determined
based on their relevance and incorporation with the key
topics of research; blockchain, green building certifica-
tion, and incentivemechanisms. We also applied the snow-
balling technique to improve the literature review’s com-
prehensiveness. During the primary research, we identi-
fied two key articles and then extended the literature pool
by systematically examining the references cited in these
articles. This iterative process helped to collect broader
relevant literature. Eventually, in our literature review pro-
cess, we identified 82 relevant papers. These papers are
examined to identify their alignment with the research ob-
jectives and key topics. Only articles published in English
are taken into account. Articles published before 2000 are
excluded from this study to provide a contemporary and
relevant analysis. Relevant doctorate and masters’ theses
are also not included in the scope to focus and prioritize
peer-reviewed research publications. For purposes of this
research, we selected to present papers discussing the in-
tersection of blockchain and green building certification
systems, primarily focusing on the incentive mechanisms
and their impact on sustainability and innovation in con-
struction.

Why Green Buildings are Important?
The building sector is criticized due to its high energy
and resource consumption. A recent study by Jayakody
and Vaz (2023) stated that buildings constitute nearly 70%
of the total energy consumption in the United States and
around 35% globally. In addition to energy usage, build-
ings have a significant impact on other natural resources,
contributing to 35% of greenhouse gas emissions, 50% of
extracted materials, and approximately one-third of both
water consumption and waste worldwide, as highlighted
in another recent study by Braulio-Gonzalo et al. (2022).
The concept of green building has emerged as a response to
the adverse impacts of construction on the three pillars of
sustainability: environmental, social, and economic. It is a
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primary tool for advancing sustainability objectives within
the construction industry as stated by Karji et al. (2021).
Green buildings, alternatively called eco-friendly or low-
energy buildings, are intentionally designed to alleviate
stress on resources by limiting negative impacts on human
health and addressing challenges like resource scarcity.
Green building contribution extends beyond environmen-
tal considerations; it is inherently connected to social sus-
tainability. Green buildings support creating a healthy en-
vironment, fostering community, and boosting human pro-
ductivity. As stated in Goh et al. (2020), they ”comple-
ment their environmental impact, creating sustainable and
livable spaces that promote a higher quality of life for in-
dividuals and communities.”
Embracing green building practices has a substantial im-
pact on all three sustainability pillars. Beyond the envi-
ronmental and social perspectives, green buildings present
economic advantages. Effective implementations result
in cost savings throughout their lifespan and offer stake-
holders the chance for increased profits. In essence, green
building practices provide noticeable benefits both envi-
ronmentally, socially and economically Olubunmi et al.
(2016).

What is the GBCS?
Measuring the performance of development is fundamen-
tal for ensuring its contribution by establishing standards,
aligning goals, and identifying successes and challenges.
Braulio-Gonzalo et al. (2022) details that performance
measurement optimizes resource allocation, supports the
decision-making process, and exhibits the tangible impact
of development initiatives.
Standards and frameworks used in the sustainability as-
sessment are typically established by internationally rec-
ognized organizations such as ISO, GRI, etc. These in-
stitutions develop and define global standards that be-
come laws or serve as the foundation for industry. Stan-
dards specify requirements in two ways: prescriptive
standards provide methods of achieving objectives, while
performance-based standards outline expectations for the
desired outcomes Vierra (2016). To illustrate with energy
consumption, prescriptive standards require using meth-
ods like efficient LEDs. In contrast, performance-based
standards set a goal for energy deduction without specify-
ing methods, allowing flexibility in solution.
GBCS emerged to establish standardized practices in con-
struction, offering a common framework to evaluate and
differentiate buildings that follow sustainability standards.
Over time, these systems expanded to address not only en-
vironmental concerns but also social and economic, re-
flecting a broader understanding of sustainability as stated
by Awadh (2017). While implementing these global stan-
dards locally, adjustments can be made according to local
requirements. But yet, the overarching goal is to encourage
and recognize practices that contribute to a holistic sustain-
ability approach in building.
The Building Research Establishment Environmental As-

sessment Method (BREEAM) arose in the early 1990s as
one of the first comprehensive green building certifica-
tion systems in the United Kingdom. Following the suc-
cess of BREEAM, other countries and regions established
their own green building certification processes: LEED
(Leadership in Energy and Environmental Design) in the
United States, Green Star in Australia, and Estidama in the
United Arab Emirates are a few examples which are ex-
tended their usage beyond the countries. All these initia-
tives have developed throughout time, adding social and
economic aspects into their criteria to give a comprehen-
sive approach to building sector sustainability Braulio-
Gonzalo et al. (2022).
The functional benefits of green building begin with en-
hancing companies’ competitiveness in the market. Tan
et al. (2011) explored how green building certificates en-
hance contractors’ competitiveness. The study revealed
that ”good corporate governance of environmental and
social issues not only enhances companies’ shareholder
value but also safeguards their highly valuable reputa-
tions”. It’s crucial to emphasize that the advantages of
these certificates go beyond contractors, benefiting all
stakeholders at different levels. In addition to being a valu-
able marketing tool for developers, Vierra (2016) high-
lights the market desire for green building certification.
As mentioned, requirements of green building certifica-
tion systems aren’t universally applicable due to project
dynamics, making one more suitable than another based
on factors like location, budget, and goals. Selecting an ap-
propriate certification system involves considering essen-
tial aspects such as cost, ease of submission, and building
performance to determine the most relevant rating system
and achievable certification level Vierra (2016). It’s cru-
cial to note that each green building certificate comes with
distinct specifications, whichmay vary based on project re-
quirements, whether for refurbishment, new construction,
or specific needs. Obtaining green certification requires
teamwork across various functions such as supply chain,
planning, design, and manufacturing. Yet, the unique as-
pects of green construction and certification pose chal-
lenges, with cost as the main obstacle hindering broader
adoption of these innovative practices, as highlighted by
Agyekum et al. (2019).

Barriers to GBCS Adoption
Barriers to adopting sustainable practices exist across var-
ious dimensions, including economic, social, cultural, po-
litical, and systemic factors, as identified by Horner and
Ryan (2019). Moreover, the type and intensity of these bar-
riers vary among countries, contributing to distinctions in
their quantity and severity Agyekum et al. (2019). Yet,
it is essential to carefully analyze the requirements that
provide guidance and an implementation plan for stake-
holders. When examining current GBCS’ characteristics,
key requirements centered around energy efficiency, wa-
ter preservation, minimumnegative environmental impact,
reliance on renewables and sustainable materials, and effi-
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cient space use. 
Several studies have investigated the barriers hindering the
widespread adoption of green building certificates. Fan
and Wu (2020) identified obstacles as high upfront costs,
limited access to capital, social and psychological barriers,
and a lack of information, experience, and effective incen-
tives. Another study by Karji et al. (2021) indicated com-
mon obstacles, including a lack of green building knowl-
edge, high costs, insufficient incentives, lack of motiva-
tion, and insufficiency in policies and regulations. Simi-
larly, Agyekum et al. (2019) highlighted various barriers
highlighting regulatory deficiencies, inadequate training,
developers’ hesitation due to perceived additional costs,
high investment cost barriers, and challenges in procure-
ment and project-delivery mechanisms.
Considering local-level challenges, Shen et al. (2018) in-
vestigated barriers in Thailand using a Likert-scale survey
among different stakeholders. The findings show social
barriers, with the lack of owner motivation ranking as the
major obstacle among all participants. Collectively, these
studies underscore the multifaceted challenges impeding
the widespread adoption of green building certificates, en-
compassing knowledge gaps, financial considerations, pol-
icy shortcomings, and social factors.
Furthermore, it is important to mention that traditional
construction practices have been in place for many years.
Transitioning from conventional to sustainable and digital
methods will require significant time and changes across
individual, organizational, and industry levels. For this
reason, this transformation will not be without its hurdles
Diyana et al. (2013) Li et al. (2019).
All stakeholders acknowledge the above-mentioned barri-
ers, and as a response, various financial and non-financial
incentive mechanisms have been introduced to motivate
stakeholders. These incentives, typically offered by gov-
ernmental entities, environmental agencies, and industry
associations, are designed to encourage sustainable build-
ing practices and contribute to overarching sustainability
objectives.

Incentive mechanism
An incentive mechanism is a structured strategy to encour-
age specific behaviors, actions, or outcomes by offering re-
wards or penalties. This concept has extensive application
across several disciplines, leveraging components to drive
individuals, organizations, or entities toward desired out-
comes. In the context of green building, incentive mecha-
nisms play a vital role in motivating developers to embrace
sustainable construction Fan and Wu (2020). The eligibil-
ity of the incentive mechanism is mostly connected to the
green building certification system because the incentive
promoters are able to differentiate the project to award.
The Figure 1 illustrates the categorization of green build-
ing incentive mechanisms, highlighting their diverse na-
ture and underscoring the necessity for a case-by-case ap-
proach. The literature created a spotlight on effectiveness.
The reason for such a spotlight is that evaluating the ef-

Figure 1: Categorization of Green Building Incentives adapted
from Olubunmi et al. (2016)

ficiency of incentive mechanisms contributes valuable in-
sights to understanding how different incentives influence
stakeholders. The literature delves into the effectiveness
of incentive mechanisms, often through case scenarios.
The study conducted by Dounas et al. (2022) showcases
the versatile usage of incentive mechanisms by proposing
an innovative incentive model to reduce carbon and waste
in the construction industry. It is highlighted that the pro-
posed incentive model benefits environmental aspects and
also enhances overall efficiency. Moreover, the research
conducted by Sauer and Siddiqi (2009) compares the ef-
fectiveness of three different incentive mechanisms based
on the production status offered by local government. By
using regression analysis, the most preferred incentives
are concluded as Gross Floor Area(GFA) concessions, ad-
ministrative, and financial incentives. In another study,
Agyekum et al. (2019) investigates the barriers to adoption
in Ghana. The authors’ findings show inadequate aware-
ness of the benefits of green certification has the biggest
impact on adoption in a developed country, Ghana. In a
parallel study by Work (2007), the authors revealed that
their findings point out that developers are aware of these
incentives but don’t always use them. The main reason is
the timing of development decisions and the response time
of local government don’t always match together. Devel-
opers must take quick decisions, and governments prefer
to move more slowly to see the outcomes.
Non-financial incentives have limited visibility in the lit-
erature compared to financial ones. Karji et al. (2021)
connects this limitation to the poor impact of social in-
centives. Similar to the previously mentioned research,
the root cause of the ineffectiveness of social incentives
is the lack of information on the benefits of green build-
ing. It is possible to convey that recognition is elemental
on non-financial incentives for governments and incentive
receivers due to its ability to create public awareness.
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On the other hand, Olubunmi et al. (2016) specifies weak-
nesses in the current green building incentivemechanisms,
and in terms of the social effect of certificates, the authors
criticize the close link between incentive mechanisms and
third-party certification institutions due to the potential
bias or inequity caused by economic relationship. Further
criticisms of current green building incentive mechanisms
are the lack of enforceability mechanisms, the absence of
a mechanism to determine the optimal level and the non-
transferability of incentives. But it is also mentioned that
the production rate method gives limited information on
real adoption rates therefore the outcomes are subject to
discussion.
Fan and Wu (2020) conducted a cost-benefit analysis for
incentive mechanism by using the Analytic Hierarchy Pro-
cess. Based on outcomes, the authors proposed a hierarchy
structure of cost and benefit criteria as actual and hidden.
The high upfront cost of green building remains a major
cost problem. Considering benefits, actual ones such as
energy savings and GFA concession were deemed more
important than hidden ones. However, it is crucial to note
that stakeholdersmay not be aware of the proposed essence
of hidden benefits like outdoor environment, productivity,
and brand recognition, as mentioned, creating an opportu-
nity for further research in the literature.
Considering the status of the construction industry, more
adoption of green buildings is inevitably needed to in-
crease sustainability performance. Incentive mechanisms
play a vital on this as a main driver of stakeholder motiva-
tion. Research supports the feasibility of blockchain in in-
centive design, offering transparency and security to build
stakeholder confidence. This decentralized and secure ap-
proach has the potential to generate economic benefits by
cutting intermediaries, lowering transaction costs, and im-
proving resource allocation within the incentive ecosys-
tem, as stated by Fan and Wu (2020). Furthermore, side
benefits due to the characteristics of blockchain may re-
veal new incentives and increase the overall effectiveness.

Blockchain
Definition and Basic Concept
Blockchain technology gained a reputation with the publi-
cation of ”Bitcoin: A Peer-to-Peer Electronic Cash Sys-
tem” white-paper by an author under the name Satoshi
Nakamoto Nakamoto and Bitcoin (2008). Fundamentally,
blockchain is an unalterable distributed ledger allowing se-
cure data transfer. Blockchain records data in groups on
a peer-to-peer (P2P) network as detailed by Raj (2021).
The name ’blockchain’ is derived from two terms: ’block,’
referring to the grouped data sets, and ’chain,’ indicating
that these data sets are securely linked using cryptographic
principles.
In blockchain, transactions are a prominent feature that
refers to an action that records the exchange of data or as-
sets between parties. Once a transaction is completed, it
leads to creating a new blockwith a time-stamp and linking
to the preceding block to the end of the chain, as detailed by

Natalia Maslova and CTP (2018). The information within
each new block holds a secure, cryptographic summary of
the one before it. This interconnectedness form enhances
security naturally. Once data is added to the chain, it be-
comes immutable, making it impossible to alter or erase.
In a decentralized system like blockchain, consensus
mechanisms are vital to ensure agreement among partic-
ipants regarding transaction validity, thereby preventing
system failures and keeping thewhole system secure. Zhao
et al. (2020) mentioned that besides security and continu-
ity of the ecosystem, consensus mechanisms also signif-
icantly influence performance metrics such as scalability
and block creation speed. In the consensusmechanism, the
active participation of nodes in all roles is crucial to ensure
system security, decentralization, and integrity Zhao et al.
(2023). Roles and responsibilities within the ecosystem
were outlined by Han et al. (2022) with broadcasting nodes
participating in the verification, and spread of transaction
records, while mining nodes actively execute the consen-
sus mechanisms and support the block creation. Lastly,
full nodes’ responsibilities fall between the other 2 types.
It is important to highlight that executing consensus mech-
anisms comes with a cost, therefore, participants need to
be compensated to maintain system continuity. Addition-
ally, participants often prioritize actions that serve their
own interests. In response to this challenge, incentive
mechanisms are introduced tomotivate cooperative behav-
ior and maintain the security of the decentralized system,
as elaborated further.
As we move towards the Blockchain 4.0 era, blockchain
applications aim to enhance user experience and speed
for creating advanced decentralized applications for all
sectors. While blockchain technology has demonstrated
transformative potential within the construction sector, its
specific implications for green building certification sys-
tems warrant further investigation.

Blockchain Applications
Blockchain technology is widely adopted across numerous
sectors, demonstrating its potential to transform traditional
processes, promote sustainability, enhance effectiveness,
and drive innovation. The finance sector was among the
first to embrace blockchain technology, but its applica-
tions extend to sectors rapidly such as construction, energy,
crowdsensing, and supply chain management, as detailed
by Xu et al. (2017).
For instance Zhang et al. (2020) proposes a blockchain-
based certification system to address inefficiencies regard-
ing to centralization in China’s renewable energy certifi-
cate process, emphasizing intelligent and automated pro-
cesses facilitated by blockchain technology. The studies
conducted by Marques et al. (2023) Delardas and Giannos
(2023) also delve into the application of blockchain in the
energy sector, aiming to enhance efficiency and effective-
ness. The research conducted byWei et al. (2020) explores
decentralized crowdsensing architectures via blockchain,
focusing on security enhancement, privacy protection, and
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incentivization mechanisms. Simulation of the proposed
model confirms its feasibility, showing that the proposed
incentive mechanism effectively encourages participation.
The research conducted by Wei et al. (2023) focuses on
addressing technical information exchange barriers in the
supply chain, which lead to substantial energy consump-
tion. By leveraging blockchain for data management and
government incentives, the paper investigates strategies to
improve the sustainability of supply chains. The research
proposes practical measures and introduces a data gover-
nance platform to foster eco-friendly supply chains, draw-
ing insights from government involvement and behavioral
theories.
In the built environment, distributed ledger technology of-
fers promising applications across several domains. Li
et al. (2019) categorized these domains as smart energy,
smart cities and the sharing economy, smart government,
smart homes, smart transport, Building Information Mod-
elling (BIM) and construction management, and innova-
tion in business models and organizational structures. The
majority of the cited articles in this paper discuss the appli-
cation of blockchain technology in the various domains of
built environment. Also, studies like Smajgl and Schweik
(2022) bring a further looking perspective and anticipate
that blockchain technology will bring significant changes
into the existing socio-economic framework, influencing
the governance aspects and expanding the boundaries of
solutions created in sustainability.
While numerous studies demonstrate the advantages of
blockchain technology across different domains, its spe-
cific application in green building certification systems
remains relatively unexplored. Understanding the gov-
ernance and design principles of blockchain applications
is crucial, particularly within green building certification
systems, where tailored approaches are needed to address
adoption and sustainability challenges effectively. The fol-
lowing chapter will delve into the governance and design
considerations specific to blockchain technology in the
context of green building certification, underscoring the
dynamic and versatile nature of blockchain technology in
diverse contexts.

Blockchain Governance and Design
The close connection between blockchain governance and
its design arises from the foundational principles of tech-
nology. Design encompasses the underlying architec-
ture, consensus mechanisms, and smart contracts that
shape how the system operates. These design choices di-
rectly influence how governance is implementedwithin the
blockchain network. Governance rules are often encoded
in smart contracts, automating and enforcing predefined
rules without the need for centralized control. As men-
tioned before these choices and rules also determine per-
formance, including scalability, efficiency, etc. of the ap-
plication, as further detailed in Han et al. (2022).
De Filippi et al. (2020) emphasizes that blockchain gover-
nance relies heavily on incentives coded into the protocol

and game-theoretic principles align with community prior-
ities. The goal of good governance is to align diverse stake-
holders toward a common understanding and agreement.
Effective governance can increase the reliability and over-
all success of domain by ensuring that created financial
and non-financial incentives match desired behaviors and
encouraging community adherence to shared standards.
Therefore, introducing blockchain into a specific domain
requires a deep understanding of both design principles
and governance requirements to achieve effective appli-
cation. A holistic approach is essential to ensure that the
blockchain solution aligns with the required outcome and
goals of the application.

Blockchain Related Incentive Mechanisms
Incentives are vital in blockchain systems to motivate
participants and align their interests with the collective
goals of the system. Incentives support positive behavior,
discourage malicious activities, and foster an active and
engaged community within the decentralized networks.
Well-designed incentive mechanisms not only drive the
desired behavior but also play a pivotal role in shaping
the governance structures that govern the decision-making
processes of the blockchain protocol. Thanks to the inher-
ited features of blockchain, participants can be motivated
in several forms of incentives.

Figure 2: Blockchain Related Incentives Categorization,
adapted from Han et al. (2022)

The Figure 2 illustrates the high-level classification of
blockchain-related incentives based on the form and goal
of the incentives in the literature. Monetary incentives are
designed to regulate system entities economically, moti-
vating participation with financial rewards. Non-monetary
incentives, like credit-based and reputation-based systems,
foster trust among entities, while gamified incentives lever-
age individuals’ preferences for enjoyable experiences to
guide their behavior within the system. Tokens and badges
are commonly used in gamified mechanisms as incentives
for system engagement as ticket.
In terms of goals, incentive mechanisms can be catego-
rized as encouraging participation to maintain system sus-
tainability and promoting cooperation among entities. The
participation goal addresses nodes’ selfish nature by pro-
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viding incentives for their involvement, which is crucial
for ensuring security and decentralization. On the other
hand, the cooperation goal acknowledges the fact that self-
ish nodes may deviate from system design, posing threats
to the system. To mitigate, introducing incentive mech-
anisms becomes essential, fostering cooperation through
adherence to system protocols and discouragement from
initiating attacks.
In conclusion, the multifaceted nature of blockchain, with
its diverse array of incentive mechanisms, creates oppor-
tunities for various benefits within the ecosystem. By
strategically aligning incentives with the goals and form,
blockchain not only addresses the rational and profit-
driven behavior of nodes but also promotes the safety, sus-
tainability, and decentralization of the system. In essence,
blockchain’s innovative approach to incentives unlocks op-
portunities, driving positive contributions and reinforcing
the resilience of various domains implemented.

Blockchain for GBCS
There is a growing need for a more comprehensive and
digital green building certification system to address the
challenge of inadequate motivations hindering widespread
adoption. Blockchain, with its inherited features, has the
potential to bring more integrity to certification practices.
By leveraging its capabilities, blockchain has the potential
to bolster the credibility of certificates while streamlining
verification procedures.
Blockchain has been already implemented as a transforma-
tive factor in certification processes, providing a stream-
lined and reliable method to verify accomplishments.
Fowler (2017) suggests that blockchain integration in cer-
tification processes holds promise for lowering costs asso-
ciated with advancement in measurement methodologies
to meet evolving quality standards. In the article by Woo
et al. (2020), the authors support the idea of blockchain-
enabled GBCS and target the high cost associated with the
current systems. Their research proposes a blockchain-
based framework for measurement, reporting, and verifi-
cation as a cost-effective alternative.
Pu and Lam (2023) discuss the advantages of blockchain-
enabled certification systems and highlights that GBCS is a
particularly suitable domain to apply. Firstly, blockchain’s
ownership or identity management capabilities provide a
secure way to verify the identity of individuals or entities
involved in green building projects. Secondly, the prove-
nance tracing capacities of blockchain ensure transparency
in the supply chain, allowing stakeholders to trace the ori-
gin of materials used in construction. Lastly, ownership
transfer mechanisms can streamline the transfer of green
building certifications between different parties, enhanc-
ing overall efficiency in the certification ecosystem.
Introducing blockchain into the GBCS may enhance the
certification system by providing both monetary and non-
monetary benefits. Therefore, stakeholder dynamics play
a vital role in blockchain design, particularly for incentive
mechanisms and their effectiveness. Each stakeholder in

the green building certification process has unique priori-
ties and motivations as detailed in Mulligan et al. (2014).
Building owners seek cost reduction and streamlined pro-
cesses, while architects focus on sustainable building de-
sign principles. Certifying bodies prioritize integrity and
credibility through incentive mechanisms. Regulatory
bodies may enforce compliance with incentive require-
ments or promote adoption by implementing new incen-
tives, depending on the ecosystem dynamics.
Dynamic Alliances, as described by Grover et al. (2021),
refer to collaborations formed by entities withmutual inter-
ests and goals in a given domain. Dynamic Alliances aim
to create a collaborative environment that allows parties
to leverage strengths, optimize resources, and accomplish
common objectives. The authors suggest that integrat-
ing blockchain into governance ecosystems of dynamic al-
liances would bring notable benefits. Integrated Project
Delivery (IPD), a project management approach tailored
to the construction industry, has governance characteris-
tics and principles that resonate with Dynamic Alliances.
In this context, the research by Hunhevicz et al. (2022)
proposes using blockchain for IPD using in a common
pool resources scenario. Likewise, the authors suggest that
blockchain implementation will leverage the governance
of the domain. This suggests that the governance struc-
tures and incentive mechanisms inherent in blockchain im-
plementation can effectively align with the principles of
collaboration, trust, and accountability within green build-
ing certification systems.
In conclusion, the alignment of blockchain’s governance
with those observed in Dynamic Alliances and IPD high-
lights the importance of carefully balancing stakeholder
interests in design and governance decisions. Tailoring de-
sign and governance decisions to the diverse motivations
of stakeholders ensures that incentive mechanisms effec-
tively encourage collaboration, trust, and accountability
within the green building certification ecosystem. In the
context of GBCS, blockchain implementation can opti-
mize collaboration, streamline processes, and foster inno-
vation, thereby advancing sustainability goals within the
construction industry.

Conclusion and Future Work
In overview, the construction industry encounters chal-
lenges including issues with information exchange, mate-
rials procurement, high costs, and trust, limiting its ability
to achieve better sustainability performance. Blockchain
technology holds promise in addressing these challenges
by its decentralized and secure nature. Our literature re-
view acknowledges the potential of blockchain in the con-
struction industry to enhance sustainability performance.
However, practical implementations are currently con-
strained, indicating a gap between theoretical recognition
and widespread adoption.
To address this gap, we propose a comprehensive survey
targeting diverse stakeholders involved in green building
certification. This survey aims to explore stakeholders’
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motivations to participate in GBCS and assess their re-
ceptiveness to various incentive mechanisms and receptiv-
ity toward blockchain. The survey results are expected to
close the gap between theoretical discussions and practical
implementations of blockchain in green building certifica-
tion. Also, these findings may support decision-making
processes, driving refinements in certification practices to-
ward greater sustainability.
Throughout the literature review, it is identified that the
integration of blockchain technology promises to enhance
transparency, efficiency, and trust in certification pro-
cesses. Moreover, such a system has the potential to cre-
ate a range of diverse incentives, including both financial
and non-financial, which may be novel to the construction
sector. In light of survey findings, this integration holds
promise for promoting the adoption rates of GBCS by tai-
loring design and governance preferences to stakeholders.
In conclusion, while the potential benefits of blockchain
for GBCS are recognized, the dynamics of GBCS need to
be thoroughly comprehended. The identified literature gap
calls for a survey with GBCS stakeholders to investigate
their motivations and preferred incentives. The outcomes
of such a survey inform the governance and design choices
of the best-suited blockchain technology for widespread
adoption in green building certification.
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Abstract 

Poor installation and misaligned supply chain incentives 
can impact the energy performance and user comfort of 
External Thermal Insulation Composite System (ETICS) 
panels. This paper investigates a combined IoT-
blockchain solution to create trusted traceability of the 
process, together with performance-based incentives 
based on sensor data about the panel state. The system is 
implemented on the University of Brescia prototype, an 
experimental test house. The results demonstrate the 
feasibility of an integrated system of smart contracts, IoT 
sensors and a digital twin for visualization. The work 
provides insights into an IoT-blockchain solution applied 
to a real-world use case for supply chain process 
improvement. 

Introduction 

Tracking of the state of health, inspection, and 
commissioning of installed components in the built 
environment has traditionally been a manual process. 
Tracking of progress depends on visual inspections, 
checklists, and logs to report deficiencies. Traditional 
practice relies heavily on inspectors’ personal judgment 
and observational skills (Boschè et al., 2015). More 
recently, a huge body of work has emerged for automated 
monitoring of operation-level construction progress, 
using technologies such as laser scanning, computer 
vision and/or Building Information Modeling (BIM) for 
many applications, for example mechanical, electrical and 
plumbing systems or concrete floor flatness.  
Another large field of research is the automated 
commissioning of buildings to show that they follow the 
promised energy performance (Panteli et al., 2020). 
Related research for facility management focuses on the 
real time monitoring through visualization at building and 
city scale, energy performance analysis, and energy 
benchmarking (Tomašević et al., 2015). Using these 
solutions, facility managers can retrieve energy-related 
information from the Building Management System 
(BMS) and view the BIM information using web-based 
energy management platforms (McGlinn et al., 2017). 
This allows facility managers to better visualize indoor 
environmental conditions such as temperature and 
humidity and make adjustments to improve user comfort 
(Marzouk and Abdelaty, 2014).  

Other energy related solutions include the energy 
performance analysis based on real time data. Typically, 
energy analysis is based on mathematical simulation 
methods in the 3D environment; however, there is often a 
gap between predicted and actual building performance. 
Moreover, the likelihood for performance disparity 
increases in cases of complex, high-performance features 
which are difficult to model and simulate. However, one 
promising solution to improve accuracy of prediction 
versus performance is to use technologies to enable real 
time data as calculation input for the energy analysis 
(Yilmaz et al., 2023).  
Despite advances in these research areas, solutions for 
progress tracking and commissioning technologies often 
mirror the fragmentation found in the greater industry 
(Hall et al., 2020). The proposed solutions tend to be 
oriented around individual project temporal phases: 
installation, inspection, and commissioning. Solutions are 
developed in isolation for tracking the installation, 
automating the inspection, or checking the 
commissioning. By contrast, much less research looks at 
integrating these activities with an object- or component-
oriented perspective. 
Monitoring these activities at the component level has 
several advantages. It avoids misaligned incentives where 
firms attempt to push risk down the supply chain. Better 
supply chain management of the digital asset can occur 
across the lifecycle and enable new incentive systems and 
business models for management of the asset, including 
opportunities for sustainability (e.g., circular economy), 
productivity (e.g., better collaboration, streamlined value 
chain) and/or security (e.g., the Hackett fire in London) 
(Watson et al., 2019).  

Industry 4.0 for Lifecycle Traceability 

The concept of "industry 4.0" is used to describe digital 
technologies and automation to create interconnected, 
intelligent, autonomous, and self-learning cyber-physical 
systems (Lasi at al, 2014). In the Architecture, 
Engineering, Construction, and Operations (AECO) 
industry, the term “Construction 4.0” is emerging (Klinc 
et al., 2019; FIEC 2015; Sawhney et al., 2020; Garcia de 
Soto et al., 2019). While Construction 4.0 encompasses 
many concepts and technologies, multiple sources 
mention the combination of BIM, Internet-of-Things 
(IoT) sensors, and distributed ledger technologies (DLT, 
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also referred to as blockchain) as a favorable combination 
to enable supply chain traceability and data integration 
(Ye at al., 2018; Kinnaird and Geipel, 2017). BIM allows 
designers and builders to design, visualize, and coordinate 
construction systems with greater efficiency using three-
dimensional digital models and processes.  
BIM have proven that generation of large data sets in the 
AECO industry is possible. It has triggered a change 
towards digital working practices across stages of the 
design, construction, and operations process.  
IoT refers to a network of sensors and connected devices 
that can be used for real-time feedback. To reduce the gap 
between the digital and physical world digital twins can 
act as (often) visual representations of information based 
on sensors for real-time representation of the physical 
world. For example, Zhai et al. (2019) finds that sensors 
in the construction process, in tandem with BIM, can help 
to address problems of inconvenient data collection, lack 
of automatic decision support, and incomplete 
information. 
DLT and associated blockchain technologies can be an 
important enabler for more transparent and streamlined 
traceability in the AECO industry (Li et al, 2020). DLT 
enables direct peer-to-peer transactions of value and the 
immutable and trusted storage of data. These properties 
facilitate the building of trust between transacting parties 
and devices and can decrease the settlement time of 
transactions and reduction of costs associated with 
intermediaries (Viryasitavat at al., 2018). In addition, 
newer implementations of blockchain allow the execution 
of code protocols, often called smart contracts (SCs). SCs 
can encode business logic for value transactions and data 
handled on the blockchain to create automated workflows. 
Since these code protocols live on a blockchain, they 
benefit from the immutability and transparency of the 
system and hence it is ensured that they execute exactly 
as specified. Two studies critically analyzed blockchain 
for construction applications, concluding that the 
technology indeed has real world potential beyond the 
hype (Hunhevicz and Hall, 2020; Perera et al., 2020).  
Supply chain traceability has been identified by several 
studies as one of the most promising ones for the 
application of DLT (Hunhevicz and Hall, 2020; Perera et 
al., 2020; Li at al., 2019). The opportunity is best 
described by Qian et al. (2020), who conclude that 
“blockchain technology is a key technology in 
Construction 4.0 that can bring the cyber (digital 
technologies) and physical (social capital) closer together 
by transforming trust to support various ecosystems of 
construction supply chains that shape and produce the 
built environment.” However, overall there is a need to 
further investigate how the combined use of DLT, IoT and 
BIM should be implemented to create a system of trusted 
life cycle traceability and incentives. 

Scope and Methodology 

The goal of this research is to develop a tracing and 
performance monitoring system, leveraging combined 
use of new Industry 4.0 technologies, in particular BIM, 

IoT and blockchain. The innovation hereby lies in 
applying blockchain to the complete life cycle, beyond 
track and trace of just one supply chain stage. 
Furthermore, there is an opportunity to couple the 
performance evaluation through sensorized components 
with the benefits of trusted blockchain traceability and 
payments.  

Research Setting 

To achieve this goal, the study works with the supply 
chain for the retrofitting process using an External 
Thermal Insulation Composite System (ETICS). ETICS 
panels are widely used in retrofitting intervention to 
enhance the energy performance of the existing building. 
Correct installation of ETICS is important for a 
functioning insulation system to achieve the planned 
energy performance, having a direct impact on the cost of 
operation and comfort of inhabitants.  
However, the current installation of ETICS is subject to 
repeated failure. ETICS represents an exemplary case for 
the often-present life cycle related issues in the 
construction supply chain. The success of the ETICS 
installation depends on different contractors that need to 
do their due diligence to deliver the final expected 
performance. The contractor is incentivized to maximize 
their profit during installation by taking “shortcuts” to 
save on material or time. Failures during production or 
installation manifest often, but they are not discovered 
until the operations phase because ETICS panels remain 
hidden behind the façade until the failure is propagated to 
the surface. This time discrepancy makes it very hard to 
investigate the exact cause of failure, as well as to hold 
the responsible parties accountable. The installing parties 
may pass blame to others, may have gone bankrupt, or the 
warranty time may have already expired.  
A careful tracing and performance evaluation of ETICS 
panels over the course of their life cycle could benefit 1) 
the environment through emission reduction and 
recyclability of the material related to the concept of 
circular economy, 2) the operational efficiency through 
cost reduction both in heating or cooling losses and 
warranty claims, and 3) health and safety of both workers 
and occupants of the retrofitted building.  
Implementation of a BIM-IoT-DLT approach is 
particularly suitable for the ETICS case study because: 1) 
it has a specific product focus that can be tracked, 
inspected, and commissioned; 2) the supply chain of 
ETICS panels has been repeatedly identified as a typical 
example where stakeholders misbehave at different 
working steps for their own benefit, to the detriment of the 
overall system performance. DLT can provide the trusted 
traceability to ensure accountability regarding correct 
production, commissioning, and installation, and 
incentivize correct installation through performance-
based payments. 

Case Study Description 

This study uses the so-called “University of Brescia 
(UniBS) Prototype” as a research case study. The UniBS 
was built to investigate different improvement potentials 
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around the lifecycle performance of ETICS. The physical 
prototype consists of a small demonstrator-house realized 
at the experimental facilities provided by Ente Sistema 
Edilizia (Building System Institute) Brescia, within a 
collaborative framework involving both the academia and 
industry. The research program was managed with the 
support of an industrial manufacturer Weber Saint-
Gobain. The driving force from academia was the eLUX 
lab– “Energy Laboratory as University eXpo” at the smart 
campus of the University of Brescia in Italy, led by the 
Department of Civil, Environmental, Architectural 
Engineering and Mathematics and the Department of 
Information Engineering.  
UniBS is equipped with detailed network of IoT to 
provide real time data on the ETICS performance. The 
UniBS prototype served as the test platform, applying the 
developed technical system throughout the life cycle of 
the prototype, from construction to operations.  
The next section of the paper further specifies the role of 
the investigated ETICS supply chain workflow in the 
UniBS prototype, and the implemented blockchain 
process. The results section then gives details on 1) the 
transaction and SC design logic and implementation of the 
DLT-based system for the case study, and 2) the 
connection of the DLT SC with the digital twin and the 
IoT system for performance evaluation.  

Blockchain for ETICS supply chain tracking 

The main two value propositions of DLT in this prototype 
are 1) the transparency and immutability it can provide to 
track the ETICS panels and associated transactions in the 
supply chain, 2) workflow automation throughout the 
supply chain process for the execution of the 
performance-based incentive payments. The first one is 
important to establish a trusted database that can hold 
parties accountable for their actions, as well as assurance 
that data integrity is maintained. The second one can then 
create (semi-)autonomous workflows and automatic 
triggering of payments without any intermediary. Below 
we outline the investigated workflow of the ETICS 
panels, and afterwards give more details on the 
implemented blockchain process. 

Investigated Workflow 

Figure 1 pictures the overall workflow logic of the ETICS 
value supply chain for the UniBS Prototype with its 
involved stakeholders. To implement blockchain for the 
UniBS Prototype, the supply chain was simplified 
regarding both the number of actors and the workflow 
steps. The real supply chain is more extensive, 
nevertheless, this approach can showcase most important 
aspects to investigate a blockchain implementation. The 
considered actors involve the supplier of the ETICS 
panels, a contractor responsible to install the panels on the 
construction site, as well as the building owner.  
Moreover, there is an actor introduced called “Oracle”. 
The term oracle usually describes an external source of 
information that is needed to feed information to 
blockchain based SC. For the UniBS Prototype, the 
Oracle is a placeholder name for actors that will take the 

role of verifying various aspects regarding the energy 
performance-based contract. In the example of this paper, 
to feed the verification data of the installation steps 
(Figure 1; (7)) the Oracle is a trusted human third-party 
actor, while for the commissioning (Figure 1; (10)) the 
Oracle consists of the sensor network. To have both a 
human actor and sensors as an Oracle can also showcase 
these two possibilities in comparison. Having said that, 
not all SCs used in the prototype need input from external 
sources. Some of them only rely on the information saved 
on the blockchain itself. For example, accessibility 
features and users’ roles, as well as the prescribed supply 
chain flow and the actual state of each panel can be 
described and checked on-chain. More information on the 
different SCs implemented in the prototype is given in the 
next section.  

Implemented Blockchain Process 

The blockchain-based process follows the defined 
workflow of the panels as defined in Figure 1. The smart 
contract logic controlling the access rules and the 
sequence of actions is then based on the “state” of panels. 
For example, the workflow starts with registering panels 
through the supplier once they are produced (Figure 1; 
(1)). The state is then “produced”. This indicates to the SC 
that the next step needs to be selling the panels to the 
owner with a subsequent payment (Figure 1; (2), (3)). The 
workflow goes on to ship the panels to the construction 
site (Figure 1; (4)), where the contractor will receive and 
install them (Figure 1; (5), (6)). At this point, the SC only 
allows the payment and subsequent use of the panels in 
the state “installed” if all the installation checks are 

Figure 1: Flow chart of the ETICS Panels Supply Chain in the 

UniBS Prototype. 
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successful. This ensures verifiability and certification of 
the installation steps. For the use phase, the SC request for 
each time interval t the sensor data to check the thermal 
performance of the ETICS system (Figure 1; (9), (10)). If 
the situation is as expected, a payment to both the 
contractor and the supplier is automatically triggered 
(Figure 1; (11)) and the procedure repeats until the end of 
life of the panel is reached (Figure 1; (14)). In case the 
thermal performance of the ETICS is not as expected, the 
SC logic runs through the various causes, while 
considering the installation certification. In case it is an 
installation fault, the warranty and reinstallation of the 
panels needs to be performed through the contractor 
(Figure 1; (12)). In case of a production fault, the warranty 
to install a new ETICS panel needs to be paid by the 
supplier (Figure 1; (13)).  
Overall, the proposed workflow acts as an energy 
performance smart contract (EPSC) and extends the 
liability of the supplier and contractor into the operational 
phase. Stakeholders get paid as usual to cover their 
immediate expenses, but only receive profit if the solution 
performs well during operation through an automated and 
continuous revenue stream. The blockchain smart 
contract gets funded up front by the owner and therefore 
acts as an escrow. If the solution does not perform well, 
the stakeholders will receive less or no profit. This should 
act as an incentive to collaborate and integrate across the 
life cycle phases. If behaving honestly, all participants can 
benefit from such a solution. The supplier has data 
available on where the panels are installed and how they 
perform. The owner gets assurance on the production an 
installation quality, as well as automatic warranty claims 
based on real-time sensor data. The contractor can benefit 
from the constant additional revenue streams but could 
also be held accountable for mistakes and warranty 
claims. Through the transparent installation certification, 
the contractor can also proof later that the installation was 
correct, but maybe a production error. 

Implementation and Results 

Transaction, SC Design and DLT-based system 

The core of the implementation of the ETICS DLT-based 
system consists of a set of SCs supporting trust-
demanding tasks developed for the Hyperledger Fabric 
permissioned blockchain infrastructure. Since not every 
task and data can benefit from on-chain execution, we 
defined a rule-based approach to identify these trust-
demanding tasks and data objects. In general, these tasks 
identify critical activities in the workflows, with 
associated data objects, as explained above. A Private 
permissioned blockchain was chosen because it offers 
privacy and all parties are known (Hunhevicz and Hall, 
2020). However, a permissionless blockchain could also 
be utilized, provided that appropriate encryption measures 
are implemented for the data written on it.  
The Hyperledger Composer, a rapid prototyping 
environment running on top of Hyperledger Fabric, was 
used as development environment. The main concepts of 
a Hyperledger Composer project are participant, asset, 

transaction and event. An asset is anything, whether 
physical or virtual having some value in the considered 
domain. A participant is a role of the workflow who 
participates in the operations on the ledger. A transaction 
is an operation submitted by a participant to modify the 
ledger. It may consist of modifying the amount of an asset 
and it may raise events. A transaction typically modifies 
or creates some contents of the Hyperledger world state. 
Implementing a Hyperledger Composer project (M.M.S. 
et al., 2019) consists of creating three main files. A model 
definition (with extension .cto) file describes the business 
domain. It is written in a specific notation, called 
Composer Modeling Language, in which resources like 
participants, assets, transactions and events are declared. 
A JavaScript file, in which transactions declared in the 
.cto file are implemented as functions, describes the way 
assets are processed. Finally, a file containing a list of 
access control rules defines the rights (e.g., Read, Create, 
Update) assigned to each participant to operate on the 
ledger. These files form the so-called Business Network 
definition. For example, the following shows both the 
definitions of the Owner participant and the Building asset 
in the model definition file: 

participant Owner extends Company {

o String name  

o String contactInfo optional

}  

asset Building  identified  by  buildingID{ 

o String buildingID

--> Design[] referencesToDesign

} 

Here, the definition of the Owner participant extends the 
Company super-type. The resource has all properties and 
fields specified by the super-type and may add additional 
properties from its own definition. The definition of the 
Building asset includes the identified attribute buildingID. 
A resource definition specifies a set of relationships to 
other types that are not owned by the resource but that 
may be referenced from it. In this example, Building 
references a set of objects of Design type.  
In our implementation, the participants can make an 
authentication on the ledger and perform the operations 
they are authorized to by the access control rules. The 
assets are the objects that the transactions operate on. We 
developed two kinds of transactions. The first one updates 
the ledger world state. The second one permits to create 
instances of assets (e.g., to insert a new panels installation 
on the ledger).  

async function terminatePosing( tx ) { 

const  NS  =  'com.biz.eticssample';  

const factory = getFactory();  

const dateTime = new Date();  

const  panRegistry  =  await  getAssetRegistry('com.biz

.eticssample.installations');  

const  instConfirmation = 

factory.newResource(NS,  'instconfirmations',  tx.id);   

instConfirmation.EndingDate =  dateTime;  

instConfirmation.anchorsPattern =  tx.anchorsPattern;  

instConfirmation.building  =  factory.newRelationship(

NS,'building',tx.building);  
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instConfirmation.contractor  =  factory.newRelationshi

p(NS,'contractor',tx.contractor);   

await  panRegistry.add(instConfirmation); }  

The above function terminatePosing defined to process a 
transaction, exemplarily showing transaction execution. 
This transaction is declared in the model definition file 
and represents the corresponding workflow task. It 
permits to a contractor to create an 
installationConfirmation object sets its properties (i.e., 
date and time, pattern used for panel anchors, references 
to the building and to the contractor), and to add it to the 
ledger. The parameter tx is an instance of the 
terminatePosing function.  

SC, IoT and DT for Commissioning of ETCIS Panels 

The proposed system leverages IoT sensors to continually 
gather data on the condition of panels throughout their 
operational lifespan, enriching the Digital Twin (DT) 
model of the building. This integration allows for real-
time monitoring of ETICS health. BIM is employed to 
facilitate intuitive visualization for building managers. 
Moreover, it serves as a proactive tool, triggering alarms 
promptly in response to any detected anomalies or critical 
events, with respect to the expected behavior. To assess 
the performance of the ETICS system during the 
operational phase, it is important to have a base for 
comparison (expected values). Therefore, an energy 
model was used to simulate the thermal behavior of the 
system. The purpose is to provide a predictive model of 
the energy flow that is transferred from inside (where a 
heating system in winter set up the temperature to 20°C) 
to the external, passing through the ETICS consisting of 
the materials EPS and glass wool. The model allows to 
calculate the expected temperature in the interface 
between the wall and the insulation layer defined by the 
boundary conditions through the heat transfer equations 
implemented in the dynamic simulation (Energyplus). 
The temperature profile in the wall has been then defined 
in the calculation model and depicted in Figure 2. The 
sensor for measuring temperature and relative humidity 
should be properly installed in the interspace between the 
thermal layer and the wall. The calculated value can be 
then compared to the temperature measured by the 
sensors. Based on this method, it is possible to assess the 
deviation of the predicted value compared to the 
temperatures measured by the sensors on the control walls 
(north, west), as well as the temperatures on the failing 
walls (south, east).  
The deployment of a distributed monitoring system could 
make the analysis of the energy efficiency and the 
maintenance state of an installed thermal insulation 
system. Such a system should be able to monitor in real-
time several parameters from which can be inferred key 
performance indexes (KPIs) about the status of the 
building thermal coating. In particular, the monitoring 
system should be able to identify the following 
conditions: i) partial detachment of the insulation panel; 
ii) change in the energy efficiency of the coating detected
by the temperature in the interface between the wall and
the insulation panel and due to water infiltration for

example. The monitoring system should be easy to install, 
low-cost and robust since it must be installed on the 
external wall.  
Battery-operated devices are preferred to cabled ones, 
because they are easier to install. In addition, the 
monitoring system should have a lifetime comparable 
with the installation to monitor, i.e. approximately around 
10/20 years. Thus, the system should be formed by 
devices with low power consumption, to guarantee a 
useful lifetime. Given these considerations, the 
monitoring system exploits the Wireless Sensor Network 
(WSN) approach for extensive monitoring of the 
parameters. Each of the monitoring points is composed of 
a wireless sensor, able to collect the parameters using 
transducers. Each of the sensors should monitor the 
temperature and the relative humidity (used to estimate 
the efficiency of the ETICS), and the 3-axis acceleration 
(used to estimate the partial detachment of the ETICS). 
The estimation of energy efficiency requires the 
estimation of the external and internal temperature and 
relative humidity. The block diagram of the sensor board 
is shown in Figure 3. Each sensor board is composed of 
three types of transducers: a temperature sensor, a 3-axis 

a) 

b) 

Figure 2: Calculation Method: a) Energy model of the test 

house b) Assessment of the expected sensor values. 
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accelerometer, and a relative humidity sensor. The data 
generated by the transducers are acquired and processed 
by the Micro Controller Unit (MCU). The data are 
temporarily stored in the MCU and, when possible, 
transmitted to a remote gateway through a Bluetooth Low 
Energy (BLE) modem. The MCU is also responsible for 
the optimization of the energy consumption of the entire 
board, through the adoption of proper low-power policy. 
All the peripherals of the board, including the transducers 
and the BLE modem, are turned off and the MCU itself 
remains in deep sleep mode until a data transmission is 
scheduled. The wake-up of the sensor board is obtained 
using the wake-up peripheral of the MCU. Each of the 
boards has been programmed to wake up every 3 hours, 
to reduce energy consumption. After the wake-up, the 
MCU acquires the data from the transducers and transmits 
the data through the BLE modem. The BLE protocol 
defines several communication modes, which require a 
data exchange with the local network coordinator. Such 
communication modes are not suitable for applications 
with strict requirements on power consumption. BLE 
provides a communication mode that does not require any 
interaction with the network coordinator: the advertising. 
Advertising packets are sent by a BLE node to advertise 
its presence to the coordinator. An advertise packet 
contains the Universally Unique Identifier (UUID), which 
identifies the sending node, and up to 37 bytes that can 
contain custom data. In the current case, the custom bytes 
are used to transmit the transducers’ data, i.e. temperature, 
relative humidity, and 3-axis acceleration. The prototype 
of the sensor has been realized using the CC2650 Sensor 
Tag prototype board produced by Texas Instruments. 
Each of the boards is equipped with a high-performance 
ARM Cortex-M3 CC2650 wireless MCU, a 9-axis 
movement transducer (3-axis accelerometer, 3-axis 
gyroscope, 3-axis magnetometer), and a humidity 
transducer, able to monitor both relative humidity and 
temperature. The complete list of transducers used in the 
prototype and their main characteristics are summarized 
in Table 1. 

Table 1: List of the transducers used by the prototype of the 

sensor board. 

Sensor 

Type 
Measurand Bit 

resolution 
Device 

Movement 3-axis 
Acceleration, 
3-axis
Magnetomete
r, 3-axis
gyroscope

16 bits MPU92
50 

Humidity Relative 
Humidity, 
temperature 

16 bits HDC10
00 

Each of the sensors installed in the interspace between the 
insulating layer and the wall represents a node of a 
Wireless Sensor Network (WSN). Each of the sensors 
transmits asynchronously the data acquired from the 
transducers one time every three hours toward the 

network coordinator, i.e. the GW in Figure 4. The WSN 
can be composed of a variable number of nodes. Since a 
connectionless transmission is used, there is no limit to 
the maximum number of nodes composing the WSN. The 
maximum number of nodes composing the WSN depends 
on the radio coverage and the computational resources of 
the GW itself. Approximately, is required a GW per each 
installation. The data acquired by the GW are then 
transmitted using HTTP RESTful services, through the 
public network, to a remote server for data processes (the 
data flow is shown in figure 4). 

Figure 3: Block diagram of the sensor board. Relative 

Humidity (RH); Bluetooth Low Energy (BLE); Micro 

Controller Unit (MCU). 

Figure 4: The architecture of the data analysis system. 

A NoSQL DB (based on InfluxDB) is used to store the 
stream of data generated by the sensors. Computational 
resources are used to process the KPIs using the data 
stored in the DB. The data and the processed KPIs can be 
visualized using a dashboard, realized using the Grafana 
Framework. An example of the dashboard is shown in 
Figure 5. The proposed system can be easily scaled to 
process the data coming from different installations. The 
data from the sensors can be used to inform about the 
energy performance of the refurbished building and 
provide insight into discrepancies between the expected 
performance after the retrofit and the actual situation. The 
energy model of the building can be used to calculate the 
expected energy consumption and the temperature 
measured by the sensor can be used to calculate the energy 
flow for transmission. 
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Figure 5: An example of the dashboard used to present the 

sensor data. 

If the values are aligned, a discrepancy in consumption in 
winter could be related to the ventilation losses and to 
occupants’ behavior for improving IAQ (indoor air 
quality) to the detriment of the energy saving. On the 
contrary, if the temperature is lower than expected and the 
ETICS is not properly insulating, it is possible to activate 
a detection procedure to understand if an issue is in 
progress for example for an infiltration which reduces 
drastically the insulation effect of the material. The 
experimental information model has been also used as an 
ideal Digital Twin of the test house working on the data 
mapping on the walls of the temperature distribution. 
Through VPL (Visual Programming Language) the 
sensors created into the information model for the 
different walls have been connected to the measures 
database of the value gathered from the sensors and the 
spread radius of the temperature variation have been 
visually approximated based on theoretical models since 
the empirical experience is not possible to exploit (Figure 
6). However, the analysis of the data monitored showed 
that a difference of temperature due to the gradient 
distribution of the wall is detectable. 

Figure 6: Test house before the installation of the finishing 

layers when it is possible to see the two target insulation 

materials, VPL model, and simulation of the spread radius of 

the temperature variation. 

The data coming from the sensors, distributed on the 
walls, were collected and the difference of temperatures 
at different installation heights is used to define a sensor-
based thermography of the situation of the walls (Figure 
7). 

Figure 7: BIM based thermography related to the measured 

temperatures. 

Conclusions 

This study demonstrates the significant potential of 
blockchain technology in the AECO industry, particularly 
in addressing the challenges of traceability and 
transparency in supply chain scenarios where trust cannot 
be guaranteed. Our study focuses on the supply chain of 
ETICS panels for retrofitting existing buildings, which 
has been shown to suffer from misaligned incentives 
throughout the commissioning, installation, and operation 
of the panels.  
Blockchain can provide trusted and transparent tracking 
of panels for accountability between supply chain actors 
and can use smart contracts to create performance-based 
incentive payments for a well-functioning system. For the 
necessary performance assessment, the sensor enabled 
IoT solution can provide real-time information over the 
entire building lifecycle, including the operations and 
maintenance (O&M) phase.  
Our work explores an exemplary implementation of such 
a combined blockchain-IoT solution, focusing on a 
lifecycle perspective rather than just parts of the supply 
chain. We contribute to the emerging number of 
blockchain-IoT studies that implement energy 
performance smart contracts (e.g., Hunhevicz et al., 
2022). Although the technical implementation and 
validation was performed on a test building, we believe it 
can provide valuable insights and inspiration for real-
world implementation. Future research could extend to an 
actual construction project to further assess the cost and 
performance of the engineered system, compare between 
different available technical solutions, and evaluate the 
requirements and impact to industry beyond the focus on 
technology. Nonetheless, our findings demonstrate how 
the synergy between blockchain technology and sensor-
based solutions can help shape the future of sustainable 
and resilient construction practices. 
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Abstract 

Time performance management is a core contractual 
mechanism that contributes to the success of construction 
projects. However, its interdependent processes face 
underlying challenges. Hence, this paper aims to build a 
conceptual framework of how Hyperledger Fabric can 
contribute to addressing challenges encountered in 
practice. The results reveal that existing digital solutions 
implemented on construction projects can act as software 
oracles for Hyperledger Fabric blockchain and the 
contractual logic can be converted into smart contract 
functions at the process level. The paper acts as a point of 
departure to develop a proof-of-concept for practical 
adoption within the context of FIDIC Red Book 2017. 

Introduction 

The delivery of large construction projects hinges on 
contractual governance (Zhang et al., 2023) and 
interdependent contractual mechanisms (Chen et al., 
2018). The logical execution of those contractual 
mechanisms is operated by a construction contract 
administration (CCA) system. Among the various 
elements of the CCA system, time performance 
management is a core mechanism that contributes to the 
success of construction projects (Hetemi et al., 2020) and 
benefits all organisations involved (Maylor et al., 2023). 
Yet, time performance management continues to be 
perceived as fraught with challenges (Abdul-Malak and 
Mehdi, 2020). One main reason for this is that it is 
underpinned by interdependent processes with each 
process having its own underlying challenges (Farghaly et 
al., 2024). 
To this effect, a host of research efforts have attempted to 
tackle an array of inherent challenges associated with each 
process through the adoption of advanced digital 
technologies. For example, some studies developed AI-
based solutions to improve schedule generations (Soman 
and Molina-Solana, 2022). Another strand focused on 
enhancing progress reporting (El-Omari and Moselhi, 
2011; Hamledari et al., 2017). In addition, attempts at 
improving the related claims management process were 
made (Palaneeswaran and Kumaraswamy, 2008; Ali et 
al., 2020). Furthermore, improving the analysis of 
schedule delays has occupied a considerable space in the 
extant literature (Bhih and Hegazy, 2021; Guévremont 
and Hammad, 2018). Despite their empirically validated 
benefits, those research efforts tend to treat their 
respective process as independent from the other 

processes. In addition, they tend to be rooted in the 
perspective of a single organisation (centralised) while 
overlooking the nexus of autonomous agents involved in 
the CCA process.  
With the advent of Hyperledger Fabric (HLF, 2023), a 
permissioned blockchain, this overlooked perspective and 
its associated aspect can be tackled. A number of studies 
have proposed HLF-based solutions to tackle inherent 
challenges of contractual processes in construction 
projects while taking into account the inter-organisational 
perspective. Proof-of-concept-based studies have focused 
on financial management (Elghaish et al., 2022; Cheng et 
al., 2023), document and records management (Das et al., 
2022), quality management (Sheng et al., 2020), and other 
relevant processes (Zhong et al., 2022).  Yet, this 
emergent research line has not advanced the interplay 
between HLF and the processes associated with time 
performance management. In addition, while it 
encapsulates the inter-organisational perspective it tends 
to focus on developing the HLF-based solutions without 
rooting them in a defined contractual governance (Msawil 
et al., 2022). This is, of course, often due to a deliberately 
limited research scope. As a result, it can be argued that 
interested scholars and practitioners have remained 
uninformed of the practical and applicable alignment 
between this advanced technology and current contractual 
practices, on the one hand, and existing digital solutions 
implemented on construction projects, on the other hand. 
This argument is echoed by Çıdık and Boyd (2022).  
Hence, this paper proposes an HLF-based conceptual 
framework for enhancing contractual time performance 
management. The framework attempts to integrate 
existing digital solutions of relevant processes into a 
single digital platform, while grounding the framework 
within the context of the FIDIC Red Book (RB) 2017 
(FIDIC, 2017) - a standard contract model devised by the 
International Federation for Consulting Engineers 
(FIDIC) and it is widely adopted worldwide for 
infrastructure projects procured through the design-bid-
build route. 

Conceptual background 

The conceptual background first formulates the research 
problem in the form of challenges. Subsequently, it 
summarises existing HLF-based solutions developed for 
various CCA processes before justifying the research 
need. 
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Challenges facing time performance management 

Both scholars and practitioners continue to regard time 
performance management mechanisms to be fraught with 
challenges regardless of the form of contractual 
governance adopted. Table 1 consolidates relevant 
identified challenges based on analysing literature against 
the various processes associated with this contractual 
mechanism.  From an inter-organisational perspective, it 
can be inferred that the persistence of such current 
challenges hinders efficient and effective management of 
time performance, which can result in financial losses to 
all involved organisations (Elazouni et al., 2023). In 
addition, such challenges damage the business 
relationship to varying degrees (e.g., due to unsettled time 
extension claims, legal disputes) (Jelodar et al., 2016). 
These challenges highlight the need for developing an 
innovative solution to achieve an efficient and effective 
time performance management from an inter-
organisational perspective while respecting contractual 
governance. In this paper, it is argued that such an 
innovative solution can be realised through the adoption 
of Hyperledger Fabric (HLF), a permissioned blockchain 
protocol, and its associated smart contract technical 
functionality. 
Table 1: Summary of analysed challenges against the relevant 

processes 

Process Reference 

(indicative) 

Challenge 

Programme 
production 

Hong et al. 
(2021) 

Ch-1: Incompleteness of 
programme 

Koc and 
Gurgun (2022) 

Ch-2: Misapplication of 
related sub-clauses  

Hegazy and 
Kamarah (2022) 

Ch-3: Unoptimised 
programmes 

Progress 
reporting 

al Qady and 
Kandil (2015) 

Ch-4: Unspecified types of 
records 

Fan et al. (2015) Ch-5: Absence of records 
collection tools 

Carson (2006) Ch-6: Distortion of 
information 

Ibbs et al. 
(2017) 

Ch-7: Lack of mitigation 
efforts records 

Programme 
update 

Carson (2006) Ch-8: Concealment of 
schedule delays 

Demirel et al. 
(2019) 

Ch-9: Lack of defined 
communication channels 

Seo and Kang 
(2020) 

Ch-10: Information 
asymmetry at inter-
organisational level 

Bhih and 
Hegazy (2021) 

Ch-11: Inaccurate schedule 
and resource updates 

Time 
extension 
claims 
management 

Seo et al. (2021) Ch-12: Missing contractual 
obligations 

Abdul-Malak 
and Mehdi 
(2020) 

Ch-13: Inaction due to 
optimism bias 

Seneviratne and 
Michael (2020) 

Ch-14: Missed time-bar 

Jelodar et al. 
(2016) 

Ch-15: Avoidance of 
discussion and poor 
communication 

Francis et al. 
(2022) 

Ch-16: Non-finality of 
decisions 

Process Reference 

(indicative) 

Challenge 

Delay 
analysis 

el Nemr (2021 Ch-17: Inaccessibility to 
information records  

Palaneeswaran 
and 
Kumaraswamy 
(2008) 

Ch-18: Insufficient and 
contradictory information 

Guévremont 
and Hammad 
(2021) 

Ch-19: Difficulty with 
establishing continuous 
reasoned causation 

el Nemr (2021) Ch-20: Polarisation of views 
on delay analysis method 
selection 

Hyperledger Fabric-based applications for CCA 

HLF is a digital implementation protocol that was 
specifically devised to execute permissioned blockchain-
based business processes. Accordingly, studies have 
justified the suitability/applicability of HLF as a 
permissioned blockchain to the managerial and 
contractual processes of construction projects (Tao et al., 
2021; Elghaish et al., 2020). HLF blockchain-governed 
transactions are executed through a ‘chaincode’ that 
contains ‘smart contract’ functions (HLF, 2023). At its 
core, a blockchain-based ‘smart contract’ can be 
described as a logical structure of a programming code 
that implements the business logic of a contractual 
process (Mason, 2021). Feeding the required input data 
into smart contract functions can be achieved by several 
methods: it may be from previous transactions immutably 
stored in the HLF blockchain (Sheng et al.et al., 2020); 
from so-called ‘oracles’ based on hardware, software, or 
human agnets (Lu et al., 2021); or a combination of these 
methods (Mason, 2021).  
In the research stream that concentrates on blockchain 
applications in the construction project management 
(CPM) sphere, a broad range of HLF-based solutions has 
emerged. Among this growing stream, only a limited 
number of studies can be mapped to the particular 
contractual processes/mechanisms of CCA (Msawil et al., 
2022). These are presented in Table 2. 
Table 2 is evidence that these identified CCA process 
challenges can be resolved by the HLF-based 
application’s unique features (authorised accessibility, 
symmetric information, digital security, immutability, 
process streamlining, and simultaneous traceability of 
performed contractual obligations).Yet, the potential 
applicability of HLF to improve processes involved in the 
contractual time performance management in particular 
has not been unearthed, at least in the context of a defined 
contractual governance. In general, it is recognised that 
contextualising innovative digital solutions within 
existing practices can act as an enabler to their possible 
adoption in construction (Çıdık and Boyd, 2022). 
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Table 2: Relevant Hyperledger Fabric-based applications for 

CCA 

Contractual 

Mechanism 

Ref. Focus of study Oracle 

Financial 
management 

Cheng et 
al. (2023) 

Developing a framework 
to facilitate construction 
cost management. 

Human 

Wu et al. 
(2022) 

Developing an HLF-
based smart contract 
system for smart 
payment. 

Human 

Elghaish 
et al. 
(2020) 

Developing an financial 
system for Integrated 
Project Delivery 
procurement. 

Software 
(BIM-
based 
tools) 

Elghaish 
et al. 
(2022) 

Developing a financial 
management solution for 
traditional procurement 
routes. 

Software 
(BIM-
based 
tools) 

Performance 
reporting 

Wang et 
al. (2020) 

Building a framework 
for information sharing.  

Human 

Quality and 
acceptance 
management 

Sheng et 
al. (2020) 

Presenting a framework 
to support the 
management of quality 
information. 

Human 

Lu et al. 
(2022) 

Developing a technical 
solution to support 
remote E-inspection of 
building projects. 

Human 

Document 
and record 
management 

Tao et al. 
(2021) 

Proposing a framework 
for distributed common 
data environment  

Human 

Das et al. 
(2022) 

Developing a secure 
document management 
system to integrate 
project participants and 
document/record silos. 

Human 

Project 
‘legal’ 
governance 

Zhong et 
al. (2022) 

Proposing an HLF 
framework to 
automatically monitor 
and record 
environmental pollution. 

Hardware 
(Internet 
of Things 
(IoT) 
sensors) 

Hence, this paper attempts to tackle the preceding 
formulated problematisation through the development of 
a conceptual framework. To this effect, it is 
conceptualised by converting the processes associated 
with time performance management under FIDIC RB 
2017 into HLF-based technical architecture (on-chain) 
linked with available software implemented on 
construction projects (off-chain). Together with the 
analysed studies, the proposed conceptual framework 
paves the way forward to advancing the understanding of 
the potential applicability of HLF to improving time 
performance management as a practical/ particular 
instance of the wider CCA system. 

Contractual derivation of the framework 

This section derives the various processes and 
subprocesses associated with contractual time 
performance management. The derivation is based on 
analysing relevant contractual sub-clauses of FIDIC RB 
2017 as an application context. Figure 1 shows the 
resulting analysis of the processes and subprocesses along 

with three forms of their contractual interdependencies: 
explicit, implicit, and absent. Due to limited space, the 
illustrated processes and subprocesses are briefly 
explained herein as deduced from their corresponding 
sub-clauses at the contractual process level. 

Figure 1: Key processes and subprocesses and their 

interdependencies 

Time programme preparation and review (P1): this is 
derived from sub-clause 8.3 [Programme]. It places an 
obligation on the Contractor to prepare and submit the 
time programme to the Engineer, taking into account a 
wide range of factors and aspects.  
Daily records for programme activities (P2): this is 
based on sub-clauses 6.10 [Contractor’s Records] and 
4.4.2 [As-Built Records]. It places an obligation on the 
Contractor to prepare and keep daily progress and as-built 
records for each activity shown in the programme to feed 
data into P3.  
Monthly progress reports (P3): this is extracted from 
sub-clause 4.20 [Progress Reports] wherein a relatively 
long list of requirements is placed on the Contractor to 
prepare the monthly progress reports and submit them to 
the Engineer. Among other aspects, the requirements 
include a comparison of the actual and planned progress 
based on the programme update. 
Under both P2 and P3, if a delay event that impacts the 
time performance occurs due to the Contractor’s own 
cause, then the Contractor needs to propose [mitigation] 
measures to recover such time impacts. Such a 
Contractor’s delay can be detected from the daily and 
monthly records and can be achieved through subprocess 
1 (SubP1). 
Delay analysis (SubP1): the contractual analysis of 
FIDIC RB 2017 did not reveal an explicit method of delay 
analysis. It recommends seeking advice from legal experts 
on the selection of an appropriate delay analysis method 
in line with the governing law of the Contract [project] 
and including it in the particular conditions.  
Proposed measures and revised methods (SubP2): this 
can be considered as an undefined subprocess and it is 
inferred from sub-clauses 4.20 [Progress Reports] and 8.7 
[Rate of Progress]. Any such measures and methods 
should be immediately incorporated into the programme 
to enable instant fulfilment of obligations and protection 
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of rights of all involved organisations. Hence, it is logical 
to include this contractually inferred subprocess therein to 
place an emphasis on its role in closing the 
interdependence loop and linking the earlier processes to 
SubP3. 
Time programme revision (SubP3): as a result of any 
changes to the initial programme that may result from 
(P3) and/or the adoption of measures/ methods under 
(SubP2), the Contractor shall revise the programme 
accordingly as a self-performed contractual obligation 
based on sub-clause 8.3 [Programme] or Engineer’s 
instructions under 8.7 [Rate of Progress]. The revised 
programme becomes the programme for the subsequent 
period. 
Under the aforementioned relevant processes and 
subprocesses, if a delay event occurs which is not a 
Contractor’s responsibility, then the Contractor is entitled 
to an Extension of Time (EoT) as a contractual remedy. 
Extension of time claims management (P4): this 
process is derived from sub-clauses 8.5 [Extension of 
Time for Completion], 20.2 [Claims for Payment and/or 
EoT], and 3.7 [Agreement or Determination]. It involves 
multi-sequential stages that hinge on the coordination and 
control-related obligations performed mainly by the 
Engineer and Contractor (with a minor involvement on 
the Employer’s part). As evident in Figure 1, this process 
is contractually disconnected from the other processes, 
despite the very practical fact that its successful execution 
is influenced by information contained in (P1, P2, P3, 

SubP1, Sub2, and SubP3) and its outcome necessitates 
revising the programme. The authors emphasise here that 
this apparent ‘disconnect’ has been disregarded, as a 
critical review of the drafting of FIDIC RB 2017 is 
beyond the scope of this paper. 
Based on the analysis above, it is self-evident that the 
means of improving contractual time performance 
management of FIDIC RB 2017 rests in addressing these 
processes and subprocesses. Yet, integrating them 
simultaneously while providing trust at an inter-
organisational level and respecting the contractual 
governance is argued to have remained elusive. The 
following section presents an attempt to tackle this 
elusiveness. 

The proposed HLF-based chained time 

performance management framework 

This section presents the proposed conceptual framework 
by drawing on the tabulated HLF-based studies 
summarised in Table 2. As Figure 2 shows, the proposed 
concept connects the three involved organisations 
represented by human agents in a distributed manner 
around the notion of ‘chained time performance 
management’. According to HLF design philosophy, each 
organisation is represented as a digital node and 
authorises its own human agents and software to act as 
peers on HLF network.  

Figure 2: The multi-organisations connected to chained time 

management performance 

Figure 3 shows the three key components of the 
framework and their digital relationships. In what follows, 
the key components along with their digital flow are 
described. 
Off-chain: this component represents a construction 
contract environment where scheduled activities take 
place at a construction site, human agents perform 
contractual tasks, and software-based tools are 
implemented to aid human agents. In addition, it includes 
the defined contractual governance that regulates the 
interactions among the involved organisations. Of 
particular relevance to the current conceptual framework 
are human agents (human oracles) entrusted with 
performing a variety of contractual tasks and digital 
solutions (software oracles) implemented at the project 
level. The former includes project managers, project 
controls engineers, and quantity surveyors. The latter can 
include scheduling software (e.g., Microsoft Project and 
Oracle Primavera P6), BIM-based solutions, AI-based 
tools, and electronic document management systems. 
Both oracles interact with each other in a dynamic manner 
with human agents entrusted with data inputs while digital 
solutions entrusted with generating outputs. In this 
conceptual framework, it is proposed that both oracle 
types can act as dynamic data pipeline that feed required 
data variables of blockchain-based smart contracts 
through middleware. 
Middleware: this component acts as a digital bridge 
between the off-chain oracles and the on-chain side. It 
performs a range of digital operations including 
invocation, queries, and updates. This component hinges 
on database servers and Application Programming 
Interfaces (APIs). It serves multiple technical functions. 
First, it enables human agents to interact with the HLF 
blockchain. This interaction can be to invoke a smart 
contract function by entering the required data variables 
or to query the blockchain ledger. Second, it enables 
available digital solutions (software oracles) to trigger a 
smart contract function in response to the occurrence of 
an event or query the blockchain ledger at regular coded 
intervals (e.g., each 24 hours) or invoke a specific 
function when pre-defined conditions are met based on 
programmed conditional statements. In addition, this set 
of middleware serves to return results retrieved from the 
ledger (on-chain) to human agents at both the project and 
inter-organisational levels. Furthermore, the database 
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updates itself for subsequent digital operations (e.g., 
automatic invocation). Due to limited space, the solid and 
dotted arrows shown in Figure 3 conceptually show those 
digital operations. The detailed rules of the conceptualised 
operations and their interdependencies along with the 
server selection are currently under development. 
On-chain HLF: the design of this component follows the 
HLF design philosophy. It includes a single channel that 
represents ‘chained time performance management’. 
Authorised peer nodes at both the project and inter-
organisational levels as well authorised software oracles 
are given access to the channel. On each authorised peer 
node, both the ledger and chaincode are deployed.  
• The chaincode: the chaincode contains a set of the

application-based smart contract functions coded to
represent the contractual logic (see the previous
contractual derivation of the framework) under each
process or subprocess. In this paper, this set is called
application-based smart contract functions which differs
from system-based smart contract functions (e.g.,
initialise the ledger). Currently, the parameters that
reflect the contractual logic of the relevant sub-clauses
of FIDIC RB 2017 are being defined and analysed. To
automatically execute a coded contractual task, the
coded parameters inside a given smart contract function
will receive data variables either from human agents or
software agents or both, through middleware. If the
received data variables meet the coded conditions, then
the smart contract function executes a transaction that is
immutability recorded on the blockchain. Subsequently,
the various cumulative transactions can be queried by
human agents or software agents to monitor the time
performance and to automatically trigger specific action
as coded.

• The ledger: the ledger consists of two interconnected
parts: the blockchain and the current [world] state. The
blockchain stores and processes all valid transactions
whereas the current state shows the latest value of the
defined asset (see the explanation below).

In addition to the preceding chaincode and ledger, the 
conceptual framework recognises the other digital HLF 
components (e.g., certificate authorities, endorsement 
policy, system-based chaincode, and identifying an 
ordering service for validating transactions and ordering 
blocks). For clarity and simplicity, those digital 
components are not shown in Figure 3. 

Conceptual explanation of the proposed framework 

This paper proposes a novel approach to managing time 
performance of construction projects in line with the 
objective ontology of FIDIC RB 2017. The proposed 
framework argues that time can be represented as a single 
digital asset in line with the philosophy of blockchain 
technology. To this effect, the contractual time is argued 
to be an asset owned by the Employer and it is allocated 
to the Contractor with the aim of using it to complete the 
construction project. The Engineer has a dual role in 
managing this asset: to monitor the Contractor's 
contractual state of time at defined intervals as stipulated 
in the Contract [project] data and to determine when the 
Contractor needs an increase in the allocated time (e.g., in 
case of a delay event which is not a Contractor’s 
responsibility). This establishes an interdependent 
proactive approach to time performance management 
whereby all the processes and subprocesses are digitally 
connected through the adoption of an HLF-based solution. 
Accordingly, this proposed approach chains and 
integrates the peers and their respective organisations 
enabling them to have complete status of time 

Figure 3: HLF-based chained time performance management framework 
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performance at any given moment with a history of 
fulfilled and remaining contractual obligations.  
In addition, the human and software oracles providing 
input data are both identified in the recorded transactions 
based on HLF certificate authorities. On the part of human 
oracles, this increases the level of due-diligence and 
accountability in respect of data inputs. The need for 
increased due-diligence assessment fundamentally stems 
from the prospective awareness that a ‘smart contract’ 
function cannot be invoked without the input of all 
required data variables while taking into account that 
there will be neither an opportunity to change any input 
data nor to revoke recorded resultant transactions due to 
immutability. This awareness will substantially reduce 
erroneous data inputs and, hence, increase the likelihood 
of keeping the permissioned blockchain input error free. 
With this in mind, the data variables can be obtained from 
available digital solutions as software oracles. 
It is envisaged that existing digital solutions can act as 
software oracles to feed smart contract functions with 
required data variables. However, an unintended 
limitation of current available digital solutions is that they 
tend to treat their digitalised processes as being 
independent which are in fact interdependent. Hence the 
proposed framework integrates those solutions (deployed 
off-chain) with their corresponding channel (on-chain 
ledger and smart contract functions) through APIs and 
databases that can technically be developed. In turn, smart 
contract functions are interconnected on the HLF platform 
with the capability of calling each other as well as calling 
APIs to obtain and feed data from the relevant processes 
of the ‘chained time performance management’.  
The logical flow of this proposed approach follows 
contractual processes described in FIDIC RB 2017 with 
slight adjustments in terms of interdependence. This 
logical flow chains the entire associated processes from 
the commencement date of the Contract (i.e., project) to 
the date of completion in the form of a defined digital 
asset that represents the contractual time. The state 
changes of the defined asset are automatically and 
immutability recorded on the ledger through a series of 
digital transactions. As an example, the progress reporting 
process (P3) can be linked to the EoT claims management 
(P4) process through their respective smart contract 
functions supported by blockchain-governed API servers. 
With this linkage, as soon as the update of a given activity 
on the programme shows a negative float (i.e., delay) of a 
pre-defined numeric value while following a programmed 
delay analysis (SubP1) to detect the allocated delay 
responsibility, the ‘notice’ of EoT claim can be triggered 
through a smart contract function. As a result, the EoT 
claim management process automatically starts if that 
activity is not the Contractor’s responsibility. If, on the 
other hand, the delay is the Contractor’s responsibility 
then SubP2 (see above) is invoked. With those 
interdependent processes and subprocesses being digitally 
executed, the relevant information flow coupled with the 
contractual obligations are captured and recorded in HLF-
based transactions while being visible and immutably 
traceable at the inter-organisational level. 

Discussion 

In developing the notion and its conceptual framework, a 
number of findings emerged. In contrast with earlier HLF-
studies, the conceptual framework highlights the 
possibility of enhancing the management of time 
performance by capitalising on HLF capabilities and 
connecting them with human and software oracles. It 
proposes a set of smart contract functions to enable the 
execution of various contractual processes and 
subprocesses as derived from FIDIC RB 2017. 
Deploying and operating those prospective smart contract 
functions on an HLF-based platform can mitigate a 
number of inherent challenges. With reference to Table 1 
above, examples at the project level include 
misapplication of related sub-clauses (Ch-2), missing 
contractual obligations (Ch-12), inaction due to optimism 
bias (Ch-13), and missed time-bar (Ch-14). Challenges 
addressed at the inter-organisational level include 
distortion of information (Ch-6), information asymmetry 
(Ch-10), avoidance of discussion and poor 
communication (Ch-15), and difficulty with establishing 
continuous reasoned causation (Ch-19). For both levels, it 
can be posited that the net foreseeable result is enhanced 
control and coordination of contractual obligations and 
information in respect of time performance management.  
Evidently, with minor adjustments to the existing 
contractual logic of FIDIC RB 2017 at the contractual 
process level in terms of connection, the notion of 
‘chained time performance management’ can be realised. 
For example, such adjustments may involve explicitly 
connecting the EoT claims management process with the 
other processes while defining a delay analysis protocol 
in the particular conditions of a construction contract. Yet, 
these adjustments should be coordinated and cross 
checked across the whole Contract to avoid unintended 
consequences. Prospective adopters can seek contractual 
and legal advice to verify and validate such adjustments 
before scaling the proposed framework into technical 
development and production. 

Conclusions 

This paper presents a conceptual framework for 
enhancing contractual time performance management 
from an inter-organisational perspective while respecting 
contractual governance. With available digital solutions 
linked to HLF as a digital core coupled with minor 
adjustments to contractual logic, a way to enhancing 
contractual time performance management can be built in 
a single digital environment.  
This paper has implications for practice and research. In 
practical terms, it establishes an adaptable conversion 
path from practical problems associated with contractual 
time performance management to an HLF-based 
framework. This path may help interested practitioners 
adapt the approaches presented herein to other 
mechanisms of FIDIC RB 2017 and other standard 
contract models. Along the same line, it highlights the 
possibility of using existing digital solutions, 
implemented in practice, as software oracles to leverage 
advanced HLF-based solutions. Theoretical contribution 
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to the body of knowledge was realised in two ways. First, 
in advancing the case of blockchain in CCA and 
construction at large by proposing an adaptable HLF-
based framework for time performance management. 
Second, by offering an application reference within a 
defined contractual context that can be further validated 
by academic researchers.   
Further work is currently being carried out to develop and 
refine the application framework. This includes: (i) 
defining the parameters of the proposed smart contract 
functions, (ii) coding the smart contract functions using a 
suitable programming language, and (iii) developing API 
rules and their technical requirements. Accordingly, the 
framework will be instantiated through the demonstration 
of a proof-of-concept on an infrastructure project to 
realise the notion of ‘chained time performance 
management’ for large construction projects. 

Acknowledgments 

The authors would like to acknowledge the funding from 
the International Centre for Connected construction (IC3) 
at Northumbria University under which this research was 
made possible. 

References 

Abdul-Malak, M.-A.U. and Mehdi, R.K. (2020) 
Investigation of the Reasonable Time Computation 
under Time-at-Large Construction Schedule Disputes. 
Journal of Legal Affairs and Dispute Resolution in 
Engineering and Construction, 12(1). 

Abdul-Malak, M.-A.U., Srour, A.H. and Demachkieh, 
F.S. (2020) Decision-Making Governance Platforms 
for the Progression of Construction Claims and 
Disputes. Journal of Legal Affairs and Dispute 
Resolution in Engineering and Construction, 12(3). 

Ali, B., Zahoor, H., Nasir, A.R., Maqsoom, A., Khan, 
R.W.A. and Mazher, K.M. (2020) BIM-based claims 
management system: A centralized information 
repository for extension of time claims. Automation in 
Construction, 110. 

Bhih, M. and Hegazy, T. (2021) Enhanced Daily 
Windows Delay-Analysis Technique. Journal of Legal 
Affairs and Dispute Resolution in Engineering and 
Construction, 13(3). 

Carson, C. (2006) Claims Analysis Nested in Schedule 
Updates. AACE International Transactions, PS61. 

Chen, Y., Wang, W., Zhang, S. and You, J. (2018) 
Understanding the multiple functions of construction 
contracts: the anatomy of FIDIC model contracts. 
Construction Management and Economics, 36(8) 472–
485. 

Cheng, J.C.P., Liu, H., Gan, V.J.L., Das, M., Tao, X. and 
Zhou, S. (2023) Construction cost management using 
blockchain and encryption. Automation in 
Construction, 152. 

Çıdık, M.S. and Boyd, D. (2022) Value implication of 
digital transformation: the impact of the 
commodification of information. Construction 
Management and Economics, 40(11–12) 903–917. 

Das, M., Tao, X., Liu, Y. and Cheng, J.C.P. (2022) A 
blockchain-based integrated document management 
framework for construction applications. Automation 
in Construction, 133. 

Demirel, H.Ç., Volker, L., Leendertse, W. and Hertogh, 
M. (2019) Dealing with Contract Variations in PPPs:
Social Mechanisms and Contract Management in
Infrastructure Projects. Journal of Construction
Engineering and Management, 145(11).

Elazouni, A., Gajpal, Y. and Fares, A. (2023) Negotiating 
win-win payment terms between construction 
contractors and subcontractors. Automation in 
Construction, 146. 

Elghaish, F., Abrishami, S. and Hosseini, M.R. (2020) 
Integrated project delivery with blockchain: An 
automated financial system. Automation in 
Construction, 114. 

Elghaish, F., Pour Rahimian, F., Hosseini, M.R., 
Edwards, D. and Shelbourn, M. (2022) Financial 
management of construction projects: Hyperledger 
fabric and chaincode solutions. Automation in 
Construction, 137. 

El-Omari, S. and Moselhi, O. (2011) Integrating 
automated data acquisition technologies for progress 
reporting of construction projects. In: Automation in 
Construction. October 2011 699–705. 

Fan, H., Xue, F. and Li, H. (2015) Project-Based As-
Needed Information Retrieval from Unstructured AEC 
Documents. Journal of Management in Engineering, 
31(1). 

Farghaly, K., Soman, R. and Whyte, J. (2024) cSite 
ontology for production control of construction sites. 
Automation in Construction, 158. 

FIDIC (2017) FIDIC. (2017). Conditions of contract for 
construction. Lausanne, Switzerland: FIDIC. 

Francis, M., Ramachandra, T. and Perera, S. (2022) 
Disputes in Construction Projects: A Perspective of 
Project Characteristics. Journal of Legal Affairs and 
Dispute Resolution in Engineering and Construction, 
14(2). 

Gibbs, D.-J., Lord, W., Emmitt, S. and Ruikar, K. (2017) 
Interactive Exhibit to Assist with Understanding 
Project Delays. Journal of Legal Affairs 
andDispute  Resolution  in  Engineering  and  Constru
ction, 9(1). 

Guévremont, M. and Hammad, A. (2021) Ontology for 
Linking Delay Claims with 4D Simulation to Analyze 
Effects-Causes and Responsibilities. Journal of Legal 
Affairs and Dispute Resolution in Engineering and 
Construction, 13(4). 

Guévremont, M. and Hammad, A. (2018) Visualization of 
Delay Claim Analysis Using 4D Simulation. Journal of 
Legal Affairs and Dispute Resolution in Engineering 
and Construction, 10(3) 05018002. 

Hamledari, H., McCabe, B., Davari, S. and Shahi, A. 
(2017) Automated Schedule and Progress Updating of 

80



IFC-Based 4D BIMs. Journal of Computing in Civil 
Engineering, 31(4) 04017012. 

Hegazy, T. and Kamarah, E. (2022) Schedule 
optimization for scattered repetitive projects. 
Automation in Construction, 133. 

Hetemi, E., Jerbrant, A. and Mere, J.O. (2020) Exploring 
the emergence of lock-in in large-scale projects: A 
process view. International Journal of Project 
Management, 38(1) 47–63. 

HLF (2023) https://hyperledger-
fabric.readthedocs.io/en/release-2.5/ Available from 
https://hyperledger-fabric.readthedocs.io/en/release-
2.5/ [accessed 25 December 2023]. 

Hong, Y., Xie, H., Bhumbra, G. and Brilakis, I. (2022) 
Improving the accuracy of schedule information 
communication between humans and data. Advanced 
Engineering Informatics, 53. 

Ibbs, W., Berry, M. and Sun, X. (2017) Visualizing 
Skipped and Out-of-Sequence Work. Journal of Legal 
Affairs and Dispute Resolution in Engineering and 
Construction, 9(4). 

Jelodar, M.B., Yiu, T.W. and Wilkinson, S. (2016) 
Dispute Manifestation and Relationship Quality in 
Practice. Journal of Legal Affairs and Dispute 
Resolution in Engineering and Construction, 8(1). 

Koc, K. and Gurgun, A.P. (2022) Ambiguity factors in 
construction contracts entailing conflicts. Engineering, 
Construction and Architectural Management, 29(5) 
1946–1964. 

Lu, W., Li, X., Xue, F., Zhao, R., Wu, L. and Yeh, A.G.O. 
(2021) Exploring smart construction objects as 
blockchain oracles in construction supply chain 
management. Automation in Construction, 129. 

Lu, W., Wu, L., Xu, J. and Lou, J. (2022) Construction E-
Inspection 2.0 in the COVID-19 Pandemic Era: A 
Blockchain-Based Technical Solution. Journal of 
Management in Engineering, 38(4). 

Mason, J. (2021) Innovating construction law: Towards 
the digital age. . Routledge. 

Maylor, H., Geraldi, J., Budzier, A., Turner, N. and 
Johnson, M. (2023) Mind the gap: Towards 
performance measurement beyond a plan-execute 
logic. International Journal of Project Management, 
41(4). 

Msawil, M., Greenwood, D. and Kassem, M. (2022) A 
Systematic evaluation of blockchain-enabled contract 
administration in construction projects. Automation in 
Construction, 143. 

el Nemr, W. (2021) Change Orders after the Contract 
Completion Date and Contractual Defects in the 
‘Longest Path’ Theory. Journal of Legal Affairs and 
Dispute Resolution in Engineering and Construction, 
13(2). 

Palaneeswaran, E. and Kumaraswamy, M.M. (2008) An 
integrated decision support system for dealing with 
time extension entitlements. Automation in 
Construction, 17(4) 425–438. 

al Qady, M. and Kandil, A. (2015) Automatic 
Classification of Project Documents on the Basis of 
Text Content. Journal of Computing in Civil 
Engineering, 29(3) 04014043. 

Seneviratne, K. and Michael, G.V. (2020) Disputes in 
time bar provisions for contractors’ claims in standard 
form of contracts. International Journal of Construction 
Management, 20(4) 335–346. 

Seo, W. and Kang, Y. (2020) Performance Indicators for 
the Claim Management of General Contractors. Journal 
of Management in Engineering, 36(6). 

Seo, W., Kwak, Y.H. and Kang, Y. (2021) Relationship 
between Consistency and Performance in the Claim 
Management Process for Construction Projects. 
Journal of Management in Engineering, 37(6). 

Sheng, D., Ding, L., Zhong, B., Love, P.E.D., Luo, H. and 
Chen, J. (2020) Construction quality information 
management with blockchains. Automation in 
Construction, 120. 

Soman, R.K. and Molina-Solana, M. (2022) Automating 
look-ahead schedule generation for construction using 
linked-data based constraint checking and 
reinforcement learning. Automation in Construction, 
134. 

Tao, X., Das, M., Liu, Y. and Cheng, J.C.P. (2021) 
Distributed common data environment using 
blockchain and Interplanetary File System for secure 
BIM-based collaborative design. Automation in 
Construction, 130. 

Wang, Z., Wang, T., Hu, H., Gong, J., Ren, X. and Xiao, 
Q. (2020) Blockchain-based framework for improving
supply chain traceability and information sharing in
precast construction. Automation in construction, 111
103063.

Wu, L., Lu, W. and Xu, J. (2022) Blockchain-based smart 
contract for smart payment in construction: A focus on 
the payment freezing and disbursement cycle. Frontiers 
of Engineering Management, 9(2) 177–195. 

Zhang, L., Ding, T. and Fu, Y. (2023) Do measurement 
methods matter? A meta-analysis of antecedents and 
outcomes of contractual governance in 
interorganisational relationships. Production Planning 
and Control,. 

Zhong, B., Guo, J., Zhang, L., Wu, H., Li, H. and Wang, 
Y. (2022) A blockchain-based framework for on-site
construction environmental monitoring: Proof of
concept. Building and Environment, 217.

81



2024 European Conference on Computing in Construction 
Chania, Crete, Greece 

July 14-17, 2024 
+

 BLOCKCHAIN SUPPORTED CLOSED LOOP IN CIRCULAR ECONOMY 

Marijana Srećković1, Dominik Hartmann1, Thomas Preindl2, Martin Kjäer2, Andrea Kessler3,
and Peter Kneidinger3 

1Institute of Building and Industrial Construction, TU Wien, Vienna, Austria 
2Institute of Computer Engineering, TU Wien, Vienna, Austria 

3materialnomaden, Vienna, Austria 
Vienna 
Vienna 
Vienna 

Abstract 

Existing challenges in policy, practice, and digital 
innovation, and their integration into Circular Economy 
(CE) result in a complex undertaking. Currently, not many 
frameworks for the digital optimization of a building’s 
End-of-Life (EoL) and its related processes exist. This 
paper explores the digitalization of the EoL process with 
blockchain technology, by analysing an applied use case 
of a closed loop reuse product in Austria. A blockchain-
based solution designed to enhance the verifiability of the 
reuse process is proposed, by introducing a privacy-
preserving zero-knowledge proof application which can 
increase, among other things, transparency, and trust to 
promote CE.   

Introduction 

The transition towards a Circular Economy (CE) 
represents a paradigm shift from traditional, linear 
economic models towards ones that are restorative and 
regenerative by design (Bocken et al. 2016; Kirchherr et 
al. 2023). This shift is underpinned by the integration of 
digital technologies, which play a pivotal role in 
enhancing the sustainability and efficiency of various 
sectors, from waste management to construction (Kamble 
et al. 2018). The End-of-Life (EoL) process of products 
and materials is a critical aspect of the CE and gets 
increasingly important due to resource shortages and CO2 
emissions benchmarks (Gervasio & Dimova 2018) for 
certification of buildings (e.g. DGNB), also required for 
compliance with the EU Taxonomy (2024) for buildings. 
With the gradual digitalization of EoL processes 
(Dodampegama et al. 2024) a fundamental database can 
be created to promote recycling, reuse, and reduction of 
construction demolition waste (Papamichael et al. 2023), 
contributing to the conservation of resources and the 
mitigation of environmental pollution.  
Studies like Pagoropoulos et al. (2017) emphasize the role 
of digital technologies, including Big Data and IoT, in 
advancing CE. Additionally, in the construction sector, 
digital platforms for Circular Economy are aimed at 
integrating digital technologies and data management to 
optimize resource use, addressing the industry's 
challenges (Kovacic et al. 2020).  Findings from Çetin et 
al. (2022), highlight the potential of digital twins and 

scanning technologies in supporting CE strategies despite 
existing challenges. These insights underscore the 
digitalization's crucial role in advancing CE, calling for 
continued exploration and application of digital solutions. 
This paper explores the digitalization of the EoL process 
with blockchain technology by analysing a use case of a 
closed-loop reuse-product, applied in Austria. This 
blockchain-based solution is designed to enhance the 
digital perspective of the reuse process, by introducing a 
verifiable certification concept. This concept ensures the 
correctness of provided claims without breaking privacy 
for the involved stakeholders, with zero-knowledge 
proofs. In this way the solution increases, among other 
things, transparency and trust to promote CE 
implementation. 

Literature Background 

Circular Economy 

Kircher et al. (2017) present a comprehensive definition 
of CE derived from extensive literature review. They 
define CE as an economic system that shifts away from 
the EoL concept by prioritizing reduction, reuse, 
recycling, and recovery of materials throughout the 
production, distribution, and consumption processes. This 
operates at various levels including micro (products, 
companies, consumers), meso (eco-industrial parks), and 
macro (city, region, nation, and beyond), facilitated by 
innovative business models and responsible consumer 
behaviour. Consequently, there are diverse interpretations 
of CE and circularity (Kirchherr et al. 2017; Alhawari et 
al. 2021), all aiming at incorporating strategies for smarter 
product use (refuse, rethink, reduce), longer product 
lifetimes (reuse, quality, repair), and material circulation 
at the EoL (recycling, cascading), necessitating new 
business models for implementation (Brändström & 
Eriksson 2022). 
In Architecture, Engineering, and Construction (AEC), 
the building life cycle comprises four stages (EN 
15978:2011): production, construction, use, End-of-Life 
including deconstruction/demolition, transport, waste 
processing, and disposal. Currently, the EoL phase of the 
buildings' life cycle remains the least sustainable (Charef 
2022). Defining End-of-Life within the CE context in 
AEC poses challenges due to the lack of clear 
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standardization and regulation across different countries, 
and essential prerequisites for digitalization including the 
use of Building Information Modeling (BIM). The 
disconnection between BIM tools and EoL tools hampers 
comprehensive considerations of this phase (Akbarieh et 
al. 2020). The built environment represents a significant, 
yet poorly documented stock of material resources (Heisel 
& Rau-Oberhuber 2020). Absence of guidelines for 
material and component databases impedes conclusions 
drawn from EoL considerations, which should ideally be 
integrated into the design phase. Adopting circular design 
strategies (e.g., design for deconstruction, disassembly, 
adaptability, and flexibility) alone does not reduce 
environmental impact unless integrated and considered 
during the design phase to manifest in whole buildings’ 
life cycle. Moreover, EoL asset management necessitates 
extensive data, requiring new workflows, processes, and 
business models (Charef 2022). 
The digital potential within the reuse process, highlights 
how advancements in Artificial Intelligence and BIM are 
unlocking new possibilities for effective reuse strategies 
in the construction sector (Khosrowshahi, 2017). 
Initiatives like the EU-funded RRReMaker project, 
employ Artificial Intelligence for design for 
deconstruction, aimed at resolving current problems when 
planning with reuse components and their associated 
uncertainties such as quality etc. Simpler versions of 
digitalization are online platforms for reuse (e.g. Harvest 
Map; Concular), which are increasing in number and 
significance, and facilitating material reuse, especially 
with the goal of shifting the paradigm of this topic in 
society. The success of these platforms depends on the 
provision of comprehensive and detailed information 
about available materials, their provenance in 
combination with material condition (Veit et al. 2014). 
The legal framework for CE in Austria is mainly regulated 
in the Austrian Waste Management Act (AWG 2002), 
which introduces a waste hierarchy. In addition, the 
Austrian standard Dismantling of buildings as standard 

method for demolition (ÖNORM B3151:2022) is applied 
on a voluntary basis, and gives a guideline on how to 
proceed in the building’s EoL: demolition typically 
follows the reverse sequence of construction, focusing on 
maximizing reuse, preparation for reuse, or recycling of 
materials resulting from the process.  
The digital potential within the reuse process, highlights 
how advancements in Artificial Intelligence and BIM are 
unlocking new possibilities for effective reuse strategies 
in the construction sector (Khosrowshahi, 2017). 
Initiatives like the EU-funded RRReMaker project, 
employ Artificial Intelligence for design for 
deconstruction, aimed at resolving current problems when 
planning with reuse components and their associated 
uncertainties such as quality etc. Simpler versions of 
digitalization are online platforms for reuse (e.g. Harvest 
Map; Concular), which are increasing in number and 
significance, and facilitating material reuse, especially 

with the goal of shifting the paradigm of this topic in 
society. The success of these platforms depends on the 
provision of comprehensive and detailed information 
about available materials, their provenance in 
combination with material condition (Veit et al. 2014). 

Closed Loop in CE 

The closed-loop system is an integral part of the CE, and 
it stands in contrast to the traditional linear economy, 
which follows a take, make, dispose (EMF 2013) model 
of production. By maintaining the utility and value of 
products through multiple life cycles, closed loop systems 
can significantly reduce environmental impact by 
lowering the demand for resource extraction and 
minimizing waste. Moreover, closed loop practices can 
lead to economic benefits by reducing the raw material 
procurement and waste disposal. Socially, they can 
contribute to job creation in the refurbishment and 
maintenance sectors (Zhang et al. 2024). 
Braungart et al. (2008) differentiate between cradle-to-

grave flows of materials and cyclical, cradle-to-cradle 
flows, whereby Stahel (1982; 1994, p.179; 2010) refers to 
closed loop systems instead of cyclical systems, 
introducing herewith two essentially different types of 
loops within a closed loop system (1) reuse of goods and 
(2) recycling of materials. Referring to the
aforementioned authors including McDonough &
Braungart (2002), Bocken et al. (2016, p. 309) define two
cardinal strategies for the cycling of resources: 1) slowing

resource loops - By crafting durable goods and
implementing strategies like product-life extension, such
as service loops for repairs and remanufacturing, the
lifespan of products is prolonged, leading to a reduction
in the rate of resource consumption; 2) closing resource

loops - Recycling closes the loop between post-use and
production, establishing a circular flow of resources.
In a closed loop system, the End-of-Life concept is 
replaced with restoration/refurbishment; products must be 
designed with their next use in mind. This means that once 
the initial use of a product is completed, it can be 
disassembled and the materials can be used again in their 
original form instead of being downcycled into lower-
quality applications (Braungart et al. 2007). 
However, the transition to a closed loop system is not 
without challenges. It requires a paradigm shift in design 
philosophy, a move towards business models that can 
support product life extension, and the development of 
markets for secondary materials. It also depends on the 
establishment of effective collection and processing 
systems that can support the return of used products for 
remanufacturing or recycling (Korhonen et al. 2018; 
Figge et al. 2023). 
Expanded from Bocken et al. (2016, p. 309), for the 
purpose of the presented research, Figure 1 shows a 
circular life extension of a good/product in CE where the 
left section (black) demonstrates a system focused on 
waste recycling. The complete picture however, which 
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includes the right side (blue), reveals a fully realized CE 
that emphasizes keeping goods/products in use for as long 
as possible (extending the life span) through 
refurbishment and therefore in a closed loop system. The 
concept begins with resource extraction and product use, 
followed by product recycling at the end of its life. The 
expansion into refurbishment aims at slowing down the 
resource loop, hence promoting reuse and reducing the 
dependence on new resources.   

Blockchain in EoL 

Blockchain technology, synonymous with Distributed 
Ledger Technology (DLT) and initially introduced 
through Bitcoin (Nakamoto, 2008), has gained 
momentum across various sectors. Although the term was 
originally coined to describe Bitcoin's data structure, it 
now encompasses the underlying technology that permits 
decentralized state synchronization. This encompasses 
not only account balances, as with Bitcoin, but also a 
range of data types where the current state is critical for 
all participants. DLT's utility is further enhanced by Smart 
Contracts (Szabo 1997), with Ethereum blockchain 
(Buterin et al. 2013) emerging as the standard-bearer for 
Smart Contracts (SC) execution. 
Blockchains, particularly in their original iterations like 
Bitcoin and Ethereum, operate as open networks with 
public data visibility. In contrast, private blockchains, 
which are generally permissioned and limit data access to 
known participants, are considered more appropriate for 
corporate use (Wüst et al. 2017). However, the efficacy of 
private blockchains has been questionable, potentially due 
to the absence of a "network effect." A hybrid approach 
that utilizes SCs on public networks alongside private 
databases interfacing through standardized protocols may 
offer a resolution. 
Several studies illustrate blockchains potential to boost 
the life cycle approach within the AEC sector (Scott et al. 
2021). Blockchain can ensure comprehensive traceability 
of materials and energy, aiding in the prediction of 
recycling and reuse outcomes for materials utilized in 
construction (Shojaei et al. 2021). The technology can 
also enhance the transparency and reliability of data in 
Environmental Product Declarations - EPDs (Rangelov et 
al. 2021). It facilitates end-to-end lifecycle assessment by 
documenting the metadata of raw materials, thereby 

verifying their provenance from source to construction 
site (Shojaei 2019). Copeland and Bilec (2020) have 
integrated RFID, BIM, and blockchain to specify 
components with a verifiable data trail throughout their 
lifecycle, and explored the integration with a crypto-
economic incentive model for asset recycling. 
Additionally, blockchains can be employed for post-
occupancy evaluations, with BIM serving as the 
repository and blockchain as the validator for built 
environment assets (Di Giuda et al. 2020). 

Methodology 

The presented research follows an integrated research 
approach, which, in a first step, was based on a 
comprehensive literature review, secondly on conducted 
and evaluated interviews with key stakeholders operating 
in AEC and EoL. These findings laid the groundwork for 
the following use case analysis of a reuse product in a CE 
closed loop, as outlined in the literature background. 
Furthermore, an important element of this ongoing 
research within the realm of the DiCYCLE project, is the 
integration of a blockchain into the framework of the 
presented use case called re:parkett. To create the 
presented use case, a workshop was conducted, where the 
details of the individual process steps were documented, 
and the current challenges in CE were discussed. The 
latter were the starting point for the applicability of our 
framework. The focus was on ensuring that the 
“executed” process was true to the “planned” process 
enabling herewith transparency and authenticity 
verification of the reuse product. In addition, a proposal 
for the creation of CO2 certificates for the reuse product is 
laid out, adding also economic value, based on the 
partially required CO2-audits for buildings. The aim is 
therefore to enable the creation of an unfalsifiable proof 
that the parquet flooring has been reused and is a closed 
loop product as shown in the case of re:parkett.   

Use Case re:parkett 

The starting point for re:parkett was the dismantling of 
significant areas of parquet flooring at the former Vienna 
Directorate and subsequently the requirements of a new 
project that needed installation of approximately 1200 
square meters of parquet flooring for a building contractor 
in St. Pölten, Austria. This resulted in the novel idea of 
mechanically processing and further refurbishing 
individual parquet strips for reuse in new building 
projects. 
In collaboration with a floor manufacturer, this concept 
transitioned into an implementation phase focused on 
product development. The objective was set to install 500 
square meters of the reuse product by the end of 2022. A 
key aspect of this activity was the partnership with a floor 
laying company, which played a crucial role in both the 
dismantling and installation processes, thereby closing the 
loop of the product cycle. To ensure a systematic 
approach to the dismantling process, all three involved 
companies (the “circular design” company responsible for 

Figure 1: Closed Loop in CE 

84



the assessment and collection of reusable parquet 
flooring, the manufacturer of flooring and the parquet 
floor layer) aimed at developing a manual that would 
integrate a standardized harvesting process into their 
business models. By April 2022, the first sample of the 
processed parquet was showcased publicly, signalling the 
readiness for market introduction. Efforts to expand 
distribution channels across various regions are ongoing, 
reflecting a scalable model for the adoption of sustainable 
practices in construction and renovation projects. This use 
case exemplifies the potential of collaborative innovation 
in promoting CE principles within the AEC industry. 

Use Case Analysis & Discussion 

In the research project DiCYCLE, a systematic approach 
to reprocessing harvested parquet floors has been 
developed, encompassing several key steps, as shown in 
Figure 2. The process is divided into four levels, with 
transport, deconstruction, manufacturing and 
certification. It initiates upon receiving an order, where 
builders, flooring layers, or flooring owners seek out the 
services of a company skilled to perform dismantling, 
recovery, or reprocessing of used/old parquet flooring. 
The second step involves a detailed and professional 
inventory of an existing or potential repository, with an 
assessment of the current condition of parquet flooring. 
Hence, an expert determines data regarding quantity, 
quality, and other features of the parquet, which are 
documented in a data sheet. Additionally, external parties 
can submit their own data sheets of potential repositories 
of reusable parquet flooring to the online 
platform/database (e.g. Harvest Map) of the “circular 
design” company which is then further checked and 
processed. 
A crucial decision is made based on the collected 
information: whether to renovate the parquet flooring on-
site, dismantle it for reuse, or dispose of it. In scenarios, 
where on-site renovation is deemed feasible, sometimes 
there might be a shift into dismantling and processing of 
flooring into a reuse product, due to previously false 
classification or the parquet owner’s change of plans. 
However, in some cases this leads to improper 

dismantling by untrained individuals due to time or 
budget constraints, potentially reducing the amount of 
material available for reuse. 
In the “circular design” company’s database (Harvest 
Map) all relevant data on the dismantled parquet flooring 
regarding, quality and quantity is collected. However, the 
following step, which should entail an automatic digital 
data transfer between the “source database” and the 
manufacturer responsible for the refurbishment of the 
reusable parquet flooring, is currently missing due to the 
absence of a suitable implementable solution.  
Going further into the process the manufacturer after 
receiving data regarding quality and availability of the 
flooring area, integrates this information into its own 
Enterprise Resource Planning (ERP) system, which is 
then utilized to determine the market demand for the 
product, as well as production plans and associated sales 
activities. 
To summarize, the final decision on demolition or 
delivery to the manufacturer, is based on all previous steps 
in the laid-out process by the “circular design” company. 
For existing buildings, demolition is initiated, or the 
inventory in stock is delivered to the manufacturer for 
further processing. The dismantled product is then 
handled in the manufacturer's own production facility 
deemed at restoring/refurbishing the product, eventually 
ending up either being stored in the manufacturer's own 
warehouse or sold directly to the customers on demand, 
depending on the sales planning and production 
capacities. 
In addition to all these steps, there is currently an ongoing 
effort to create a CO2 certificate in the form of an EPD for 
the finished reuse product. This initiative aims to quantify 
the environmental impacts across all process steps, 
potentially offering the certificate with the floor delivery, 
or positioning the closed loop product on the market with 
its environmental background information. 
As mentioned, the schematic process is illustrated in 
Figure 2, providing an overview of the approach adopted 
in the DiCYCLE project.  

Figure 2: re:parkett process analysis 
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Blockchain application 

Based on findings from the projects BIM.design & 
FMChain and the ongoing research presented here, we 
developed a system architecture for the use of blockchain 
to address challenges in the EoL process. The proposed 
framework allows for sustainable documentation of 
essential steps and data in the EoL value chain and ensures 
verifiable compliance to process models. 
The first use of blockchain technology in the field of 
business process management mapped processes models 
entirely on blockchains by translating models to Smart 
Contracts (Weber et. al. 2016, García-Bañuelos et. al. 
2017, López-Pintado et. al. 2019). This initial approach of 
mapping all data (including actors, gateways, etc.) on the 
blockchain is problematic for several reasons: Generally, 
when implementing processes, which involve multiple 
stakeholders, two fundamental obstacles occur. Firstly, 
basic privacy requirements of companies are violated: 
companies generally want to avoid having their own data 
associated with their business processes (e.g. supply chain 
data, production process data, etc.) to be openly visible to 
third parties. This was also reaffirmed by our interview 
partners in our requirements analysis for our use case. 

Furthermore, storing data on a blockchain is also 
unattractive due to high transaction costs. This is 
especially true for so called public blockchains, like 
Bitcoin or Ethereum. These are, as the name suggests, 
visible and open to be used by everyone. However, this is 
also a disadvantage, since the limited possible number of 
transactions per second can result in high transaction costs 
for participants. Private blockchains, i.e., blockchains that 
cannot be viewed by everyone and are operated by a small 
number of participants, have this limitation to a much 
lesser extent, but have other disadvantages, such as 
missing network effects; and also lack the capability for 
public verification (Carminati et. al. 2018, Marangone et. 
al. 2022). 
In summary, as little data as possible should be stored on 
the blockchain but enough to fully exploit the capabilities 
of this technology. The data on the blockchain should also 
meet the privacy requirements. 
With that in mind, Figure 3 shows our developed 
framework and how participants interact with the 
blockchain and each other. The main communication 
between the individual participants takes place off-chain, 
i.e. using peer-to-peer communication channels. The
interaction with the blockchain is limited to commitments
that represent irrevocable statements. These need to be
transparent and verifiable for everyone and are therefore
stored on the blockchain. These statements include only a
fraction of the data that is held by the individual
participants. A zero-knowledge proof (ZKP) ensures the
relation between the commitments and the private data as
well as the correct execution of state updates. The private
data hence becomes immutable and tamper-proof.
To harness these privacy and security features in our 
framework we model use cases as a choreography of 
message exchanges. Figure 4 displays the message 
exchanges of an End-of-Life value chain, based on our use 
case re:parkett in a simplified form as a BPMN 
choreography diagram. Each box represents a message 
exchange task and displays the two stakeholders in terms 
of sender and recipient, as well as the conducted action. 
This modelling method results in a clear definition of the 
order in which stakeholders are involved and the 
information being shared between them. The interaction 
with the blockchain is limited to essential commitments 

Figure 4: BPNM choreography diagram for re:parkett 

Figure 3: Overview of interactions on the blockchain 
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and associated ZKPs (illustrated as padlocks in Fig. 2 and 
Fig. 4), verified with a smart contract on the blockchain. 
This facilitates immutable and public-verifiable 
assignment of data, without revealing any additional or 
non-disclosable private information. 
A Zero-Knowledge Proof (ZKP) is set up as an interaction 
between a prover and a verifier. The prover’s goal is to 
convince the verifier of the correctness of a computation 
without revealing the complete set of inputs (Goldreich 
and Oren 1994; Tomaz et al. 2020). ZKPs therefore 
provide the fundamentals to secure authentication and 
privacy protection in blockchain transactions, by creating 
a platform for stakeholders to interact without disclosing 
sensitive data (Meralli, 2020; Čapko et al. 2022).  
While ZKPs were envisioned as multi-round interactive 
protocols, current variants are non-interactive i.e., only a 
single message is exchanged between the prover and the 
verifier. This property allows ZKPs to be included in 
blockchain transactions. Furthermore, zk-SNARKs, a 
highly efficient non-interactive variant with small proof 
sizes, enable storage and verification on the blockchain 
(Partala et. al. 2020). 
Our framework utilizes this technique to ensure the 
correctness of private processes on a public blockchain. 
More specifically, participants signal the completion of a 
choreography tasks by sending off-chain messages to 
each other. Furthermore, they commit to those messages 
by sending a transaction consisting of a reference to the 
message and the process state together with a ZKP to the 
blockchain. A Smart Contract verifies the correctness of 
the ZKP and only updates the process state in case of 
success. The ZKP ensures that only transitions defined in 
the model can be executed, that only the permissioned 
participants can trigger a transition, and that the passed 
information satisfies some predefined rules. For example, 
in the case of the re:parkett use case, only the Extractor 
may complete the Floor extracted task by sending a 
message to the Refurbisher. Furthermore, although not 
shown in the figure, the value of extracted_area needs to 
be smaller or equal to the floor_area value that was 
provided by the Materials Expert in the first task. 
Applied to the whole re:parkett use case the framework 
allows to create a certificate of provenance. A reference 
to the state in the SC proofs the validity of the certificate, 
as only conforming process updates can be submitted to 
the blockchain and hence the claims of the certificates 
must be correct. In case of re:parkett the certificate 
ensures that the amount of floor certified as recycled 
cannot exceed the amount identified by the expert. 
The example demonstrates that our framework is highly 
suitable for many supply-chain use cases in AEC. By 
adopting our approach of tracing goods, it becomes 
feasible to comply with privacy requirements and 
legislation, while increasing the level of trust and security 
for digital processes in CE. 

Conclusion 

In this paper, we have explored the integration of 
blockchain technology into EoL processes within a CE 
framework, using a specific case study of a closed-loop 
reuse-product in Austria. The application of a blockchain-
based solution has demonstrated substantial potential to 
enhance challenges regarding transparency, authenticity 
and trust through verifiable, privacy-preserving 
mechanisms, specifically zero-knowledge proofs. 
Our research confirms that digital technologies, like 
blockchain, are vital for advancing CE by ensuring 
transparent and reliable data throughout product and 
material lifecycles. Implementing our blockchain 
framework in parquet flooring reuse demonstrates 
effective digital strategies for real-world CE challenges. 
This enhances environmental sustainability and creates 
economic value by potentially generating CO2 
certificates (e.g. possibly published on a token, referring 
to CO2 emissions of a product or part of a product), 
herewith aligning with EU Taxonomy compliance. The 
findings support stronger integration of digital tools in CE 
processes, especially in the building sector, for resource 
efficiency improvements. 
Ultimately, this paper calls for ongoing research and 
collaboration across sectors to refine and expand the use 
of digital solutions in promoting sustainable practices 
within the circular economy. This will not only enhance 
environmental outcomes but also foster economic 
resilience and social well-being. 
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Abstract
Building energy management increasingly utilises Ma-
chine Learning (ML) to use data from sensor-rich envi-
ronments. A significant challenge in this context is man-
aging high-dimensional data, which can affect model per-
formance. This study addresses this by applying multi-
target feature selection, an underexplored method that re-
duces dimensionality by analysing inter-feature relation-
ships. From 182 features, two were key for developing
threeMLmodels predicting the energy and thermal perfor-
mance of the HiLo living lab. These models achieved a ro-
bust fit with an average Root Mean Squared Error (RMSE)
of 0.18 kW and 1.03 °C, demonstrating multi-target fea-
ture selection’s effectiveness in enhancing building perfor-
mance predictions.

Introduction
Buildings, accounting for 36% of global energy consump-
tion, play a key role in the transition towards a more sus-
tainable energy grid (United Nations Environment Pro-
gramme, 2021). With the projected increase in the elec-
trification of many end-use sectors and the broader inte-
gration of renewable energy sources, the focus shifts from
supply-side to demand-side flexibility in grid operations.
This shift is crucial for buildings to contribute significantly
to decarbonisation targets by managing their energy con-
sumption and generation dynamically, a concept known as
energy flexibility (Li et al., 2022).
In this evolving landscape, buildings are expected to pro-
vide nearly half of the flexible demand capacity by 2030.
This transformation is accelerated by the ’Internet of
Things’, which has increased the use of sensors in Heat-
ing, Ventilation and Air-Conditioning (HVAC) systems in
buildings, resulting in the generation of vast amounts of
data (Kathirgamanathan et al., 2019). However, these data
are often high-dimensional, which creates challenges for
Machine Learning (ML) algorithms due to the presence of
irrelevant, redundant or noisy features that can slow down
the learning process and degrade performance. Feature se-
lection is recognised as a crucial method for reducing di-
mensionality. It involves choosing a subset of relevant fea-
tures based on certain criteria, thereby simplifying model
interpretation and decreasing memory usage, computa-
tional costs and learning time (Hashemi et al., 2021). Fur-
thermore, should thesemodels be applied in real buildings,

the careful selection of sensors through feature selection
would necessitate only essential sensors. Such efficient
sensor usage would enhance economic viability and con-
serve critical raw materials, thereby supporting resource
efficiency and circularity in buildings by reducing sensor
network requirements.
In feature selection, a distinction is made between single-
target and multi-target data. While single-target data in-
volves predicting one output per sample, multi-target data
consists of samples with multiple outputs, where the cor-
relation between features and these outputs determines
feature relevancy. This distinction directly influences the
choice and application of feature selection methods. Ac-
cording to Hashemi et al. (2021) and as shown in Fig-
ure 1, feature selectionmethods can be broadly categorised
into search methods and supervision methods, with search
methods being often designed with single-target problems
in mind.
On the other hand, supervision methods can address both
single-target and multi-target feature selection. Within
supervised ML algorithms, multi-target feature selection
methods can be further divided into binary transformation
and algorithm adaptation. Binary transformation initially
converts multi-target data into several independent single-
target data and then evaluates features for each target sep-
arately. However, this method may overlook the correla-
tions between different targets (Masmoudi et al., 2020).
In contrast, algorithm adaptation is specifically designed
for multi-target data and aims to preserve and utilise these
inter-target relationships.
Recent years have seen the development of various single-
target feature selection methods, with numerous studies
evaluating their application in MLmodels related to build-
ing controls (e.g. Olu-Ajayi et al., 2023; Kathirgamanathan
et al., 2019; Zhang and Wen, 2019). Yet, real-world com-
plexities often require addressing multi-target problems,
especially in buildings where simultaneous prediction of
multiple targets is common. Despite their significance,
multi-target feature selection methods have received lim-
ited attention in research, both generally and within the
built environment. While some studies have explored bi-
nary transformation for multi-target issues, to the best of
the authors’ knowledge, research on algorithm adaptation
in this area is notably lacking. This study set out to fill this
gap by comparing multi-target feature selection methods,
with a particular focus on algorithm adaptation in data-

91



Figure 1: Categorisation of feature selection methods, highlighting the method used in this study. Based on categorisation by Hashemi
et al. (2021).

driven models for accurately predicting building energy
and thermal performance.
To achieve this aim, investigations have been conducted on
data from the HiLo living lab in Dübendorf, Switzerland,
as can be seen from Figure 2 (Block et al., 2017). Designed
with the guiding principle of ’high performance, low emis-
sions’, HiLo features innovative building systems, such as
Thermally Activated Building Systems (TABS) embedded
into lightweight concrete structures. These TABS use a hy-
dronic pipe network integrated into HiLo’s structural com-
ponents to transform the internal ceilings of two of its of-
fices into radiant surfaces for heating and cooling (Lydon
et al., 2019). Utilising concrete’s thermal properties for
heat storage and thermal inertia, TABS facilitate a time
shift of peak heat load and a time lag of sensible heat trans-
fer from the concrete to the interior air. These characteris-
tics make TABS particularly effective for enhancing build-
ing energy flexibility (Arteconi et al., 2014).

However, controlling TABS in heavyweight concrete
structures, which typically exhibit extended time con-
stants, presents significant challenges as the regulation of
heat output’s timing and amount often becomes complex
(van der Heijde et al., 2017). In response, this research
project investigates the use of TABS in lightweight con-
crete structures, as exemplified in two of HiLo’s offices.
To model one of these similarly designed offices, i.e. Of-
fice 1, a data-driven (black-box) approach was selected due
to its computational efficiency and accuracy against a more
resource-intensive physics-based (white-box) model.
This study’s central focus is applying multi-target feature
selection during data pre-processing. This step was instru-
mental in accurately predicting two key aspects: (1) the
thermal power of the TABS to ensure optimal control over
the timing and amount of heat output and (2) the indoor

Figure 2: Exterior view of HiLo from the southwest. Photo:
Roman Keller.

air temperature in the office to maintain it within com-
fortable ranges. By comparing various multi-target feature
selection methods, the study aims to identify the most in-
fluential sensors within HiLo’s extensive sensor network.
The aim is to develop a model that predicts TABS thermal
power and indoor air temperature and aligns closely with
the measured data. Achieving this aim is expected to pro-
vide valuable insights into improving building energy ef-
ficiency and occupant comfort and enhancing the method-
ological tools available for built environment research.

Methods
This section details the study conducted at the HiLo living
lab, which was used to assess the effectiveness of multi-
target feature selection methods in predicting the ther-
mal power of the TABS and the indoor air temperature in
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HiLo’s Office 1.

Dataset
The study utilised a comprehensive dataset from HiLo,
which is equipped with over 1,500 data points. For this
study, a subset of 184 sensors was selected based on their
relevance to predicting the cooling performance of the
TABS in HiLo’s Office 1. These sensors recorded data at
ten-minute intervals for two summers (i.e. from 1 June to
31 August 2022 and from 1 June to 21 August 2023), cov-
ering a range of parameters from environmental conditions
to HVAC system performance metrics. This dataset was
then used to study the effect of 182 input variables on two
key output variables: the TABS’s thermal power and the
office’s indoor air temperature. Data extraction and anal-
ysis were conducted using Python, with libraries such as
scikit-learn, pandas and matplotlib.

Data pre-processing
Data pre-processing is crucial for ML algorithm perfor-
mance, as it addresses raw data imperfections and ir-
regularities, such as high dimensionality and missing
data (Olu-Ajayi et al., 2023). Therefore, data were pre-
processed in this study to ensure dataset quality and avoid
difficulties during model development. The process in-
volved seven main steps:

1. Data splitting: Initially, the dataset was divided into
features and targets, followed by splitting these into
training and testing subsets for model evaluation.

2. Biased reduction: To prevent model overfitting and
ensure accuracy, features strongly correlated with tar-
gets were removed, reducing the feature count to 162.

3. Constant feature removal: Non-variable features
were eliminated for lacking predictive value, narrow-
ing down the dataset to 106 features.

4. Redundancy elimination: Highly correlated fea-
tures with a Pearson correlation above 0.9 were iden-
tified, and duplicates were removed to prevent multi-
collinearity, leaving 73 features.

5. Missing data imputation: Missing values, often a
result of communication errors, were imputed using
the K-Nearest Neighbours (KNN) algorithm to main-
tain dataset integrity.

6. Cyclical feature encoding: Cyclical aspects like
time and solar position were encoded using sine and
cosine transformations, leading to 97 features in the
dataset.

7. Supervised learning transformation: To effectively
model the TABS response, 12 lagged observations
spanning a two-hour window were included to cap-
ture immediate past effects, expanding the feature set
to 1,261.

Feature selection methods
The feature selection process leveraged the algorithm
adaptation method, employing three ML models to deter-
mine the most predictive features:

• Random Forest (RF): This model combines multi-
ple decision trees to form a more robust and accurate
prediction. It is particularly adept at handling large
datasets with complex relationships between features.

• Gradient Boosting Machine (GBM): Employing a
stage-wise additive model, this technique progres-
sively builds a model to optimise a loss function,
which makes it effective for both bias reduction and
variance control.

• Support Vector Regression (SVR): SVR applies the
principles of support vector machines for regression
purposes, hence providing a flexible approach to cap-
ture both linear and non-linear relationships within
the data.

These models were selected due to their ability to handle
diverse data characteristics and provide comprehensive in-
sights into feature relevance.
Given that each of these models has its inherent method of
assigning feature weights, which can differ significantly in
scale and interpretation, feature weights were normalised
to ensure comparability. This normalisation process ad-
justed the feature weights from each model to a common
scale, thereby allowing for a direct and meaningful com-
parison of feature importance across different methods.
The effectiveness of each model in feature selection was
then assessed based on these normalised weights, along
with the impact on model performance and the computa-
tion time. The comparison aimed at identifying the most
effective feature selection method for the HiLo dataset.

Model development
This study used the scikit-learn library to implement the
three ML models listed above: RF, GBM and SVR. These
models were chosen because of their performance in var-
ious prediction tasks, especially in scenarios involving
complex and high-dimensional data like the real-world
data in this study. The development process focused on op-
timising the predictive performance through strategic fea-
ture selection and iterative model tuning. Standard hyper-
parameters from scikit-learn were used due to the study’s
exploratory nature.
The process to determine the optimal feature set for each
model involved systematic experimentation. Starting with
the most predictive feature for the thermal power of the
TABS and the most predictive feature for the indoor air
temperature of Office 1, features were added incrementally
– first in pairs, then in larger groups of ten and eventually
by hundreds. This approach allowed testing all features up
to the entire dataset of 1,261 features. Duplicate features
were carefully removed to ensure a balanced emphasis on
feature importance.

Model evaluation
The model’s performance was assessed primarily using
the Root Mean Squared Error (RMSE) metric, where a
lower RMSE value indicates better model performance
with fewer errors in prediction (Naser and Alavi, 2023).
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For predicting the thermal power of the TABS (0-1 kW
range) and the indoor air temperature of Office 1 (22-28 °C
range), RMSE values up to 0.3 kW and 1 °C, respectively,
were considered indicative of satisfactory model accuracy.
This evaluation ensured that the model was not only accu-
rate but also reliable and applicable in practical settings.

Results analysis and discussion
The study conducted with data from the HiLo living lab
revealed that only a selected group of features signifi-
cantly influenced the prediction of the thermal power of
the TABS and the indoor air temperature in Office 1. The
feature selection methods used – RF, GBM and SVR –
differed in identifying these influential features. Notably,
RF and GBM models assigned high importance to a few
features, whereas the SVR model distributed importance
more evenly across a broader range of features, as shown
in Figures 3 and 4. Descriptions of the symbols for the top
predictive features are provided in Table 1.

Figure 3: Aggregated weights of top six features for predicting
TABS thermal power across RF, GBM and SVR models.

Figure 4: Aggregated weights of top six features for predicting
indoor air temperature across RF, GBM and SVR models.

Despite methodological differences, all models consis-
tently recognised two features as most important for their
predictions: the supply water flow rate of the TABS at the
current time step, Vtabs,s(t) , for predicting the TABS’s ther-
mal power, and the air supply temperature of the ventila-
tion system at the current time step, Tvent,s(t) , for predicting
the indoor air temperature. Beyond these top two features,
the divergence in feature selection became more apparent.
For instance, when predicting the indoor air temperature,
RF and GBM models identified the zone regulation’s set-
point temperature at various preceding time steps as the
next two most important features. RF focused on the mea-
surements twelve and ten steps prior, Tsp(t−12) and Tsp(t−10) ,
whereas GBM focused on the measurements eleven and

Table 1: Top feature symbols and descriptions without time-lag
notation.

Symbol Description

Vtabs,s Supply water flow rate of TABS

Ttabs,r Water return temperature of TABS

Ttabs,s Water supply temperature of TABS

αcp Valve opening of circulation pump

Tamb,24h 24h average of ambient temperature

Tvent,s Air supply temperature of ventilation

Tsp Setpoint temperature of zone regulation

RH in Indoor relative humidity

five steps prior, Tsp(t−11) and Tsp(t−5) . In contrast, the SVR
model yielded a different pair of features as most influ-
ential: the circulation pump’s valve opening percentage
twelve steps before the current time, αcp(t−12) , and the wa-
ter return temperature of the TABS at the current time,
Ttabs,r(t) .
This variance in feature selection could be attributed to the
inherent characteristics of each model. RF and GBM, both
being ensemble tree-basedmodels, tended to focus on sim-
ilar aspects of feature interaction and non-linear relation-
ships. On the other hand, SVR’s unique approach, partic-
ularly its sensitivity to data characteristics, led to a distinct
interpretation of feature importance.
These differences also slightly influenced model perfor-
mance. As Figures 5 and 6 illustrate, RMSE values re-
mained relatively stable across varying feature counts and
models, whichmay suggest that the models’ reliability was
not heavily dependent on the feature count or selection
methodology. Overall, all models demonstrated a strong fit
to the data, with average RMSE values of 0.18 kW for ther-
mal power and 1.03 °C for indoor air temperature across
various feature counts and selection methods.
A closer examination of the RMSE values for TABS’s
thermal power prediction revealed that they remained rela-
tively constant, regardless of the number of features added,
as detailed in Table 2. Including just the top two fea-
tures yielded RMSE values of 0.15 kW for RF, 0.13 kW
for GBM and 0.14 kW for SVR, closely aligning with the
overall average. This suggests that more features did not
necessarily improve RMSE. Interestingly, expanding the
feature set to four or six initially degraded prediction ac-
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Figure 5: RMSE comparison for TABS’s thermal power
prediction across RF, GBM and SVR models and varying

feature counts.

Figure 6: RMSE comparison for indoor air temperature
prediction across RF, GBM and SVR models and varying

feature counts.

curacy, followed by a slight improvement. However, even
with the full feature set, RMSE values were 0.20 kW for
RF, 0.14 kW for GBM and 0.11 kW for SVR, which indi-
cated minimal gains from adding more features. This pat-
tern suggests that optimising predictions for TABS’s ther-
mal power and indoor air temperature in HiLo’s Office 1
might not require more than two important features, which
demonstrates effectiveness in feature utilisation from an
RMSE standpoint.

Table 2: RMSE comparison for TABS’s thermal power
prediction [kW] across RF, GBM and SVR models with top two,

four and six features and overall feature average µ.

Model
Feature count

2 4 6 µ

RF 0.15 0.16 0.15 0.19

GBM 0.13 0.22 0.19 0.15

SVR 0.14 0.28 0.27 0.19

RF and GBMmodels showed a similar trend for indoor air
temperature predictions to those observed for the TABS’s
thermal power predictions. Starting with the top two fea-
tures provided better-than-average results, with an RMSE
of 0.87 °C for RF and 0.91 °C for GBM. This perfor-
mance diminished with the inclusion of four or six top fea-
tures, then slightly improved again as more features were
considered. This pattern, however, diverged for the SVR
model. With only the top two features, the SVR’s RMSE
was 2.04 °C, which improved to 0.87 °C with the four top

features but worsened again with six. As detailed in Ta-
ble 3, the fluctuations observed with the SVR model un-
derscore the distinct feature selection strategies inherent to
each model. With its unique handling of features, the SVR
model underscores the critical influence of feature selec-
tion methodology on model performance. This variability
further accentuates the need for model-specific feature se-
lection to enhance predictive accuracy and reliability.

Table 3: RMSE comparison for indoor air temperature
prediction [°C] across RF, GBM and SVR models with top two,

four and six features and overall feature average µ.

Model
Feature count

2 4 6 µ

RF 0.71 0.88 1.01 0.87

GBM 0.76 0.88 0.97 0.91

SVR 2.04 0.87 1.49 1.32

The runtime analysis complements these findings. As de-
picted in Figure 7, the runtime increased significantly with
the addition of more features, underscoring the need for
a careful balance between computational efficiency and
model accuracy. The comparative analysis of RMSE and
runtime suggests that a model with two features provided
an optimal balance between accuracy and efficiency. Us-
ing two features, the runtimewas 0.14 seconds for RF, 0.56
seconds for GBM and 0.63 seconds for SVR. This indi-
cates that SVR was 77.77% slower than RF and 11.23%
slower than GBM, a significant efficiency loss that could
be disadvantageous in more complex modelling scenarios.
This balance was consistent across different feature selec-
tion methods, offering a practical and robust solution for
predicting TABS thermal power and air temperature in the
given context.

Figure 7: Runtime comparison across RF, GBM and SVR
models and varying feature counts.

The overall performance metrics of the models, charac-
terised by average RMSE values of 0.18 kW for thermal
power and 1.03 °C for indoor air temperature across vari-
ous feature counts and selection methods, indicate a robust
fit to the dataset. This alignment is further evidenced by
Figures 8 and 9, which compare the model’s predicted out-
comes against the measured data for TABS thermal power
and indoor air temperature in HiLo’s Office 1. These
comparisons span a one-week period in mid-August 2023
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within the test set, with each model iteration using the top
two features identified by the respective feature selection
method.

Figure 8: Comparison of predicted and measured TABS
thermal power across RF, GBM and SVR models for one week

in the test set.

Figure 9: Comparison of predicted and measured indoor air
temperature in Office 1 across RF, GBM and SVR models for

one week in the test set.

The figures highlight the differences in the algorithms of
RF, GBM and SVRmodels, despite utilising the same fea-
tures. RF and GBM models yielded more constant out-
comes, while the SVR model, characterised by greater
variability, performed better at capturing peak values. This
was particularly noticeable on the weekend, as indicated in
the last three days of the graphs. A plausible explanation
for this divergence could be SVR’s sensitivity to extreme
values (peaks) that arose from its objective to minimise the
error within a certain threshold. This inherent sensitivity
allowed SVR to better capture and predict extreme values
or peaks in the data, leading to its observed variability but
effective handling of peaks.
The analysis underlines the importance of model selection
based on specific use cases, which factor in considerations
such as prediction accuracy, computational efficiency and
the ability to manage peak values. While RF and GBM
showed higher accuracy and faster execution with the top
two features, they did not match SVR’s capability in con-
sidering peak values. This capability to accurately pre-
dict peak values might be crucial for certain applications
and emphasises the need to choose models that align with
particular performance criteria and application-specific re-
quirements.

Conclusions
This study set out to evaluate how effectively multi-target
feature selection methods, through algorithm adaptation,

identify influential sensors to enhance building perfor-
mance predictions. Employing a data-driven approach, the
research focused on modelling and predicting the thermal
power of the TABS and the indoor air temperature, using
a subset of features from the extensive sensor network in
the HiLo living lab.
The key findings highlighted that while RF andGBMmod-
els prioritised a similar set of features, the SVR model
demonstrated a preference for a different subset. Despite
these variations, the comparative analysis of the RMSE
metric and the computational runtime suggested that mod-
els incorporating just two features achieved an optimal bal-
ance between accuracy and effectiveness. This balance is
particularly crucial in real-time building control applica-
tions where both precision and computational speed are
essential.
However, the study faced several limitations. First, while
the focus was on balancing model complexity and effec-
tiveness, further refinement through hyperparameter tun-
ing or exploring other ML algorithms could enhance per-
formance. Additionally, the inherent differences in how
each feature selection method evaluates and ranks feature
importance might have impacted the model’s ability to
generalise across different scenarios.
Despite these limitations, this research underscores the ad-
vantages of algorithm adaptation in multi-target feature se-
lection, particularly its ability to leverage inter-feature re-
lationships. This is crucial for complex building systems
like TABS, where the interactions between different fea-
tures significantly impact the system’s performance.
Looking ahead, this study opens avenues for future re-
search. A direct extension could utilise the findings to ex-
plore the energy flexibility potential of the TABS within
HiLo’s lightweight concrete structures. This would con-
tribute to a more nuanced understanding of energy flexibil-
ity in building systems and its implications for sustainable
building operations.
On a broader scale, future research should delve into
other multi-target feature selection methods, exploring
their strengths and weaknesses in different contexts. Such
studies would enrich the toolbox of ML techniques avail-
able for building energy management, paving the way for
more intelligent control strategies. This would be a signif-
icant step toward advancing smart building technologies,
which align with global efforts to reduce energy consump-
tion and carbon emissions in the built environment.
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Abstract 

This research paper focuses on the detection and 
classification of objects at construction sites and analyzes 
the utility and potential of such detection and 
classification activities in the construction industry. 
Object detection and classification are performed by 
applying technologies such as machine vision (MV) and 
deep learning (DL) to image processing and/or in 
combination with object segmentation and labeling. 
These activities have varied applications at construction 
sites, including but not limited to: (1) the monitoring of 
workers and machinery for productivity measurement and 
for the prevention of accidents and collisions; and (2) the 
monitoring and classification of procured and installed 
construction materials for the evaluation of work 
progress. This serves as a valuable, low-cost measurement 
tool in the context of the management and monitoring of 
construction projects. 

Introduction 

The construction sector, even in modern times, faces 
numerous perennial problems and challenges related to 
the effective management and monitoring of construction 
projects.  
Some of these challenges are, for example, associated 
with safety and health on construction sites. Despite 
significant progress achieved through the introduction of 
regulatory frameworks and legislation, a considerable 
number of occupational accidents are still recorded today. 
These accidents are not exclusively personal but are often 
linked to the reckless use of mechanical equipment and 
vehicles, as well as insufficient coordination, 
organization, and monitoring at construction sites. 
Therefore, a system using machine vision (MV) and deep 
learning (DL) technologies could, in this case, detect a 
worker in a restricted zone of the construction site, or 
determine whether the worker is wearing appropriate 
safety equipment or, even better, continuously appraise 
the ergonomic risks to workers (Lambrides and 
Christodoulou, 2023). Additionally, the system could be 
used to ensure the proper operation of mechanical 
equipment in designated areas and the maintenance of 
safe distances by the working personnel at the 
construction site. 
Another critical issue commonly encountered at 
construction sites is resource management and 
construction progress monitoring. Delays, particularly in 
large construction projects, often occur due to material 
shortages and insufficient logistics in material delivery. 
Conflicts and construction delays are also frequent 
occurrences. Therefore, a mechanism based on the 

aforementioned technologies could be employed to 
monitor the transport of construction material to sites and 
visually document the construction process. This visual 
documentation can be valuable for reference and analysis. 
In light of the aforementioned and other challenges faced 
by the modern construction industry, the use of machine 
vision and deep learning technologies is imperative. 
These technologies enable the automation of numerous 
technical processes on the construction site while 
facilitating the monitoring and resolution of various 
problems within it. 

Literature Review 

In recent years, a significant number of research studies 
has been conducted on the use of machine vision (MV) 
and deep learning (DL) technologies for detecting and 
classifying construction elements at construction sites. 
This trend began in the early 2010s, with works on the 
automated generation of parametric BIMs (Brilakis et al., 
2010), and despite the significant improvements in 
relevant applications, there is still room for further 
development. 
The article by Czerniawski and Leite (2020) introduces 
the automation of digital modeling of existing buildings 
through reality capture devices and computer vision 
algorithms. The goal is to facilitate the use of digital 
building representation technologies, promoting new 
forms of simulation, automation, and information 
provision. The research results suggest that achieving a 
more complete semantic coverage of building 
infrastructures will require a revision and intensification 
of relevant efforts. 
Nath and Behzadan (2020) propose the validation of a 
genetic adversarial network (GAN) based on a deep 
convolutional neural network (CNN). The research 
involves photos taken, trained, and tested at the 
construction site from two internal datasets to increase 
image resolution when generating missing pixel 
information. Results demonstrate that using GAN-
enhanced images can further improve the average 
accuracy of pre-trained models for object detection while 
maintaining overall processing time for real-time object 
detection. 
In a subsequent work, Paneru and Jeelani (2021) provided 
an up-to-date and categorized overview of computer 
vision applications in construction by examining recent 
developments in the construction sector and the 
challenges that future research must address to maximize 
the benefits of computer vision. The authors focus on 
specific areas considered most likely to benefit 
significantly from computer vision, such as safety 
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management on construction sites, progress and 
productivity monitoring, and work quality control. 
One year later, Duan et al. (2022), focused on developing 
a large-scale image dataset specifically collected and 
processed for construction sites, named SODA (Site 
Object Detection Dataset). This dataset includes 15 types 
of objects categorized into mechanical means, materials, 
and labor personnel. Specifically, 20,000 images were 
collected from various construction sites, considering 
different construction site conditions, weather conditions, 
construction phases, and shooting angles. After careful 
examination and processing, 19,846 images were 
selected, containing 286,201 objects accompanied by 
corresponding labels from predefined categories. 
An analysis conducted indicated that the developed 
dataset is advantageous in terms of diversity and volume. 
Further evaluation using two widely accepted object 
detection algorithms based on deep learning (YOLO v3 / 
YOLO v4) demonstrated the dataset’s effectiveness in 
visualizing typical construction scenarios, achieving a 
maximum mean Average Precision (mAP) of 81.47%. 
This research contributes a large-scale dataset for the 
development of deep learning applications in object 
detection within the construction industry. It serves as a 
reference point for the further evaluation of corresponding 
algorithms in this field. 
In their work, Wang et al. (2022) proposed a new semantic 
method aiming to extract information by integrating deep 
learning object detection and image captioning. This 
method explores important information from construction 
images or videos. In the proposed approach, object 
detection serves as an encoder to extract features of 
construction objects and the holistic image. By adopting 
this method, semantic information from construction 
images can be presented to project managers as a valuable 
tool for making crucial decisions on the construction site. 
In the research work of Hou et al. (2022), a multi-object 
detection method based on the improved YOLOv4 model 
is proposed to overcome the problem of low detection 
accuracy. Research results indicate that the average 
accuracy (mAP) of the improved YOLOv4 model for 
many objects can reach 97.03%, which is 2.16% higher 
than that of the original YOLOv4 detection network. At 
the same time, the detection speed reached 31.11 fps, a 
decrease of 0.59 fps, a result quite satisfactory for real-
time detection data. 
Zhou et al. (2022) propose an object detection method 
based on an improved YOLOv5 model with high sorting 
accuracy of construction waste. It involves creating a 
dataset from images of construction waste taken in situ at 
construction sites. This improved model was trained, 
validated, and tested based on the collected images and 
compared with other conventional models such as Faster-

RCNN, YOLOv3, YOLOv4, and YOLOv7. The YOLOv5 
model recorded an average accuracy (mAP) on the test 

dataset of 0.9480, indicating better performance than 
other conventional models in object detection. 
In a recent research paper by Jog et al. (2022), full-scale 
validation experiments of a multi-object location tracking 
method for its application to resource tracking in large-
scale, congested, outdoor construction sites are presented. 
The validation stage involved testing under harsh 
conditions on various large project sites. This research 
paper describes the process of data collection and testing, 
as well as the measurements and results obtained. The 
validation showed that the new vision tracking provides a 
good solution for tracking different entities in large and 
congested construction sites. 

Research Methodology 

The research work discussed herein focuses on the 
automated detection and classification of construction 
objects, and the applied research methodology was based 
on utilizing the Python programming language along with 
machine vision and deep learning technologies. In the 
realm of these technologies, several terms are often used 
interchangeably, yet they entail distinct tasks and 
methodologies. Classification entails assigning 
predefined labels or categories to input data based on their 
inherent features or attributes. Its primary objective is to 
categorize input instances into one of several 
predetermined classes, such as determining whether an 
image depicts a cat or a dog. On the other hand, the term 
"prediction" encompasses various interpretations, but 
within the domain of object classification, it involves 
assigning a probability score to each class to indicate the 
model's confidence level in its classification decision. 
Detection, meanwhile, pertains to the identification and 
localization of specific objects or phenomena within an 
input scene or data stream. It focuses on discerning the 
presence and position of objects of interest within images, 
videos, or sensor data, often using bounding box 
annotations. However, recognition, frequently conflated 
with detection, refers to the process of identifying and 
comprehending objects or patterns within an image or 
scene. Unlike detection, recognition entails a more 
profound analysis of visual content, which may include 
grasping the context, identifying specific object features 
or traits, and drawing higher-level associations or 
inferences based on observed patterns. 
The goal was to create software, or leverage existing tools, 
capable of learning a series of construction objects present 
at a construction site. Subsequently, the software should 
successfully detect and classify these objects using either 
images from a dataset or random images. To achieve this 
objective, ImageAI (v.3.0.3) was employed. ImageAI 
(Moses, 2018) is an open-source Python library that 
simplifies machine vision and deep learning tasks. It is 
built on other libraries such as TensorFlow and Keras. 
From the array of tasks offered by ImageAI, specific codes 
related to image classification and object detection were 
utilized - activities directly aligned with the focus of this 
research. For each of the two tasks, a code was used for 
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custom model training process based on the custom 
classes, resulting in the creation of a model. Additional 
codes were employed for result extraction, verification of 
the resulting accuracy-performance, and broader 
evaluation of the respective trained models, primarily 
through the utilization of unseen data. 
Furthermore, a dataset was created for each task, 
incorporating photos of all the examined objects. These 
data resulted from a combination of my own photos from 
construction sites, ready-made datasets from Kaggle, 
which is a platform for data science and machine learning 
competitions, and generally photos obtained by Google 
Images search service. In the context of this research, the 
decision was made to initially explore two distinct classes 
to clarify the operational mode and compatibility of 
ImageAI with the research goals. These objects were the 
‘column’ and the ‘excavator’. However, at a later stage, 
seven more classes (totaling 9) were added to the 
detection, as follows: ‘beam’, ‘masonry’, ‘slab’, 
‘window’, ‘person’, ‘safety helmet’, and ‘reflective 
jacket’. The choice of some of these object classes relates 
to the intent of using developed algorithms and trained 
models for use in health & safety applications at 
construction sites. 

Image Classification Framework 

For this task, a set of 6000+ images of the object classes 
to be examined was collected. Initially, a general folder 
was created, which contained two additional folders 
named ‘train’ and ‘test,’ respectively. Within each folder, 
a subfolder was created for each prediction object. The 
training photos, used to train the classification model, and 
the corresponding test photos, used to evaluate it, were 
placed in these subfolders. 
In the ‘train’ folder/dataset, 500 photos were included for 
each object, while in the ‘test’ folder/dataset, 200 photos 
were included. This dataset was then utilized in the 
training code, where various tasks were performed, 
including the selection of the algorithm. ImageAI offers 
the option to use four different algorithms for training 
custom image classification models (MobileNetV2, 
ResNet50, InceptionV3, and DenseNet), each with 
different speed and prediction accuracy characteristics. 
Additionally, other parameters such as ‘batch_size’ (the 
number of images the network will process 
simultaneously) and ‘num_experiments’ (the number of 
network training iterations on all training images) were set 
in this code. For the purposes of this work, the 
MobileNetV2 algorithm was chosen due to its fastest 
prediction speed in compare with other algorithms. 
Upon each execution of training code, the model with the 
highest accuracy was generated and stored in the dataset 
folder. Additionally, the other parameters mentioned 
above were systematically varied during each run to 
elucidate their impact on the accuracy of the respective 
model. This measure was undertaken to facilitate the 
incremental enhancement of the model, which became 
evident with each successive iteration. In this context, 

accuracy represents the percentage probability that a 
detected object belongs to a specific class. The accuracy 
is calculated using the following formula: 

Accuracy =
Number of Correctly Classified Images 

Total Number of Images
∗ 100 

This percentage reflects the model’s confidence in the 
correctness of its prediction. Higher percentage 
probabilities generally indicate that the model is more 
confident in recognizing a particular class of object in the 
image. 
At a later stage, this model was employed in another code, 
where its effectiveness in predicting the examined and 
subsequently trained objects was evaluated using both 
trained and random photos. A schematic overview of this 
methodology is depicted in Figure 1. 

Figure 1: Ιmage Classification methodology flowchart 

Object Detection Framework 

For this task, a set of 2700+ images was collected for the 
examined classes. Initially, a general folder was created, 
which included two subfolders named ‘train’ and 
‘validation,’ respectively. Within each of these folders, 
two additional subfolders were created. The first, named 
‘images,’ contained photos of the examined objects 
without separating them based on the object they depict. 
The second, named 'annotations,' contained the 
corresponding assignments for these classes, in txt format. 
To create the assignments, an open-source graphic 
annotation tool for images, Labelimg, was employed. The 
process involved creating bounding boxes and labels in 
each photo and assigning them to each of the examined 
objects for the purpose of learning object detection. As 
part of this activity, 300+ photos were collected for each 
object, with 70-80% stored in the ‘train’ folder for training 
the detection model and the remainder in the 'validation' 
folder for evaluating the model’s performance during 
training. 

Create Custom Image Classification 
Dataset

Train Image Classification 
Model on Custom Dataset 

Test Image Classification Model 
on Custom Dataset 

Test Image Classification Model 
on random images 
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This dataset was then input into the training code, where, 
among other tasks, algorithm selection was performed. 
ImageAI provides the option to use two different 
algorithms to train custom image object detection models, 
namely YOLOv3 and TinyYOLOv3, each with varying 
speed and accuracy characteristics for prediction. In this 
code, additional parameters such as ‘batch_size’ and 
‘num_experiments’ were set, as previously explained.  
During the training process for object detection, the 
initially used model did not include specific objects such 
as those found at construction sites. The model training 
with additional, construction site objects enriches the 
utilized pre-trained model and facilitates its use on 
construction-related image detection applications. 
Additionally, the option for training using a pre-trained 
YOLOv3 model was specified. For the purposes of this 
work, both algorithms were employed. Future work shall 
aim the incorporation of newer releases of YOLO models 
(e.g., YOLOv8) and training datasets (e.g., SODA).  
Each time the code was executed, the model with the 
highest accuracy in terms of mAP50 (mean Average 
Precision at 50%) was generated and stored in the dataset 
folder. Additionally, the other parameters mentioned 
above were systematically varied - in conjunction with the 
practical application of non-maximum suppression 
(NMS) - during each run to elucidate their impact on the 
accuracy of the respective model. During the training of 
each model, in addition to mAP50, additional metrics 
such as precision, recall, and mAP50-95 were obtained. 
However, these metrics were not automatically saved. 
Precision is a measure of the accuracy of a model’s 
positive predictions and is derived from the following 
relationship: 

𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 =  
𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠

𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 + 𝐹𝑎𝑙𝑠𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠

On the other hand, recall, also known as sensitivity or true 
positive rate, is a term used to evaluate the performance 
of a classification or object detection model and is 
calculated as follows: 

𝑅𝑒𝑐𝑎𝑙𝑙 =
𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠

𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 + 𝐹𝑎𝑙𝑠𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠

By using these two terms, it is possible to calculate the F1 
Score, another widely used metric for evaluating 
classification models. The formula for the F1 score is: 

𝐹1 𝑆𝑐𝑜𝑟𝑒 = 2 ∗
𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 ∗ 𝑅𝑒𝑐𝑎𝑙𝑙

𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 + 𝑅𝑒𝑐𝑎𝑙𝑙
The term ‘mAP’ (mean Average Precision) is a metric that 
assesses the precision-recall tradeoff of a model. It 
evaluates how well a model performs at different 
confidence levels in its predictions. Specifically, 
‘mAP50’ evaluates the model’s precision and recall at a 
specific 50% Intersection over Union (IoU) threshold. 
Higher mAP50 values indicate better performance, with a 
maximum value of 1.0 representing perfect precision and 
recall at the specified IoU threshold. IoU is a metric that 

measures the overlap between the predicted bounding box 
and the actual location of the object. A 50% IoU means 
there is at least a 50% overlap between the predicted and 
actual contexts. This evaluation system is commonly used 
in assessing object detection models, including those 
trained for custom object detection tasks. At a later stage, 
this model was employed in another code, where its 
effectiveness in detecting the examined and subsequently 
trained objects was evaluated using random photos. A 
summary flowchart of this methodology is presented in 
Figure 2. 

Figure 2: Object detection methodology flowchart 

Additionally, the capability was provided by creating a 
Python code in combination with trained detection models 
to identify health and safety issues in photographs from 
construction sites, specifically printing a relevant warning 
message for the absence of part or all of the necessary 
safety equipment (protective helmet and reflective jacket) 
in case a person is detected in those areas. 

Case Studies, Findings and Discussion of Results 

In the pursuit of fulfilling this work's objectives, a series 
of tests were conducted through the execution of custom 
training Python programming language codes, as 
described. Throughout these tests, specific parameters 
were systematically varied in each training code, 
including the dataset itself, to generate two models - one 
for each task - with the highest accuracy and optimal 
performance. These models aimed to best fulfill the 
intended purpose for which they were created. 
The final analysis results for the nine classes described in 
the previous stage are as follows. For image classification, 
considering the case of nine classes, a MobileNetV2 
model achieved an accuracy of 81.06%. This relatively 
high accuracy indicates the near certainty of the model in 
the correctness of its predictions, specifically in 
successfully predicting the nine trained classes in any 
given photo. This result was further validated by the 
model’s performance on various photos, consistently 

Create Custom Object Detection 
Dataset 

Train Object Detection Model on 
Custom Dataset 

Test Object Detection Model on 
Custom Dataset 

Test Object Detection Model on 
random images 
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yielding generally high probabilities for correctly 
predicting the depicted object. The model was tested on 
both trained and random images, and during the 
conducted tests, no significant change in performance was 
observed between these two categories of images. It is 
thus evident that the model’s performance was 
proportional to its accuracy rate. Some example results 
are provided below. 
The figure below presents the outcomes of a random 
image illustrating various objects at a construction site, 
including columns, beams and slabs. Utilizing the 
aforementioned image classification model, a probability 
of 52.24% was assigned to the depiction of a beam in the 
photo, 26.02% for column and 21.38% for slab. 
Predictions for the remaining classes were notably low, 
aligning with expectations given that only these three 
classes were prominently featured in the image under 
examination. The difference between the three main 
predicted classes is based mainly on the extent of viewing 
each class from the angle of the photo. This result affirms 
the high predictive capability of the trained model. 

Figure 3: Result of random image in image classification 
( example 1) 

Figure 4 displays corresponding outcomes from a random 
photo depicting masonry and window, which are equally 
positive. In this photo the prediction percentage is 
relatively high and almost equal between the two mainly 
predicted classes and very low for the rest classes that are 
not represented. Similar results were obtained for the rest 
of the classes among random photographs with the 
characteristic of combining several classes in the same 
examined image with the results being generally 
satisfactory as can be seen in Figures 5 & 6. 

Figure 4: Result of random  image in image classification 
( example 2) 

The image in Figure 5 depicts a female worker at a 
construction site, with appropriate personal construction 
protection gear. The results of the applied model to this 
case confirm the successful prediction of the three main 
classes that appear in the photo in question, with the 
corresponding prediction percentages showing significant 

fluctuations. Specifically, a higher percentage was given 
to the reflective jacket class (49.10%), with the person 
class following (38.31%) and the safety helmet class 

Figure 5: Result of random image in image classification 
( example 3) 
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registering a significantly lower percentage (12.34%) 
among these three classes. 

Figure 6: Result of random image in image classification 
( example 4) 

Similarly, Figure 6 shows the results for an image 
showing a worker with appropriate personal protection 
gear near an excavator. The trained model correctly 
identified the existence of the excavator and the safety 
vest but not the worker and the safety helmet. One 
possible explanation for the very low prediction rates of 
the mentioned existing classes in the respective 
photograph is the intense lighting precisely at the point 
where the safety helmet is located, along with the posture 
of the human figure. 
Frequently, models such as the one developed for image 
prediction encounter challenges related to their real-world 
effectiveness when presented with random images or 
images combining the examined objects. For instance, a 
model may perform well on the trained dataset but 
struggle to generalize its effectiveness to new, random 
data. However, as previously mentioned, no such 
phenomena were observed for this particular model.  
Accordingly, for object detection, a YOLOv3 model with 
an average accuracy (mAP) of 67.41 % was achieved. 
This figure indicates the relatively average to good 
accuracy of the specific model in terms of detecting and 
successfully classifying the objects under study in 
examined photographs, however efforts are being made to 
enhance the performance of this model to achieve even 
higher success rates. This result was further validated by 
the model’s performance on various photos, where several 
satisfactory results were observed in terms of the true 
positive detection and classification of objects. The 
YOLOv3 model was tested on both trained and random 
images, and during the conducted tests, no significant 
change was observed in terms of the model’s performance 
between these two categories of images. Therefore, in this 

case as well, it is evident that the performance of the 
model is proportional to its accuracy rate. Some example 
results are provided below. 

Figure 7: Result of rabdom image in object detection 
( example 1) 

The figure above displays the outcomes of a random 
image depicting various objects on a construction site, 
including columns, beams and slabs. Utilizing the 
aforementioned object detection model, several load-
bearing elements were detected with a probability of 
successful classification exceeding 81% affirming the 
high performance of the trained model. However, some 
other objects that would be expected to be detected by the 
model were not detected. These objects may have been 
influenced by the phenomenon of occlusion due to the 
relative angle of the photograph's capture. Nevertheless, 
the results largely coincide with those obtained using the 
classification model, which is deemed satisfactory. 
Additionally, Figure 8 demonstrates corresponding 
outcomes from a random photo of a worker on a 
construction site with appropriate personal protection 
measures. From the results of the model for this case, it 
emerged the successful detection of the three main classes 
that appear in the photo in question, with the 
corresponding confident scores showing very high 
(>96%) as in the case of the classification model for the 
same photo, the results of which were previously 
presented. 

Figure 8: Result of random image in object detection 
( example 2) 
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Equally satisfactory results were obtained from tests 
conducted on other random photographs depicting the 
examined classes, as evident from Figures 9 & 10. The 
photo in question, presented in Figure 9, shows that using 
the model, masonry and a window were successfully 
detected with a confidence score exceeding 94%. 
Therefore, the behavior of the model under these 
conditions is considered satisfactory.  

Figure 9: Result of random image in object detection 
( example 3) 

Furthermore, in Figure 10, an example is provided 
depicting multiple objects (of those under examination), 
with the detection model yielding satisfactory results for 
most of them and moderate results for a single class 
(person). However, a better performance of the detection 
model is observed in the said image compared to its 
classification counterpart (Figure 6), as noticeably higher 
prediction rates are evident. 

Figure 10: Result of random image in object detection 
( example 4) 

Using the same detection model, results were obtained 
from other construction site photographs, with an 
additional capability introduced: the detection and 
notification of safety and health issues concerning the 
necessary and recommended personal protective 
measures on the construction site. Specifically, if a person 
was detected in these photographs without either or both 
of the reflective jacket and safety helmet, a corresponding 
warning was issued, as demonstrated in Figure 11. 

Figure 11: Result of random image in object detection 
(health & safety example) 

In conclusion, Figure 12 presents the confusion matrix of 
the detection model examined in the study. In a confusion 
matrix, each row represents the actual labels depicted in 
the validation set images, while the columns represent the 
corresponding labels predicted by the detection model. 
From the presented matrix, it is observed that some 
classes are positively evaluated due to a high number of 
true positive detections (e.g., excavator, window, etc.), 
while others are characterized as moderate to negative. 
The results of the matrix are to some extent expected, as 
the examined detection model did not achieve particularly 
high levels of accuracy. However, an NMS 
implementation with value equal to 0.4 led to an increase 
in the overall accuracy of the model in terms of F1-Score 
by approximately 30%. Essentially, the matrix provides 
insights into which classes the model struggles to predict 
accurately and can guide further improvements in the 
model, such as fine-tuning class-specific features or 
collecting more diverse training data for those classes. 
Therefore, there is room for significant future 
improvements. 

Figure 12: Results of confusion matrix based on object detection model 
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Conclusions 

The utilization of artificial intelligence, particularly 
technologies such as Machine Vision (MV) and Deep 
Learning (DL), in the construction industry is deemed 
imperative. The applications and benefits that can arise 
from these technologies are crucial, especially during the 
transition to a new era fraught with challenges. The real-
time application of MV and DL can enhance the 
monitoring of safety and health issues on construction 
sites, extending to the broader and more essential 
oversight of labor management, mechanical equipment, 
vehicles, and materials, all while considering the 
relatively low costs resulting from the use of these 
technologies. 
The present study focused on the automated detection and 
classification of construction elements at construction 
sites using the ImageAI library, built on the foundation of 
Python’s TensorFlow and Keras libraries. The entire 
process was based on the integration of Machine Vision 
and Deep Learning technologies, combined with a dataset 
collected for the objects under consideration. The 
extracted results were analyzed in relation to the accuracy 
of the corresponding models from which they were 
derived. As part of future work, the following actions are 
to be taken to enhance the performance and accuracy of 
the relevant models based on ImageAI: 

 Improvement of the annotation functions for
bounded frames and labels, using advanced
rendering practices in conjunction with the
practical application of non-maximum
suppression (NMS).

 Use of a balanced dataset with respect to all
examined objects to prevent overfitting and the
memorization of specific objects by the trained
model for each activity.

 Exploration and testing of other custom activities
offered by the ImageAI library for accuracy and
usefulness, particularly by using video streams
of related content.

References 

Ahmadzada, A. (2020). People Image Dataset, many 
pictures of people performing different activities. 
https://www.kaggle.com/datasets/ahmadahmadzada/i
mages2000/data 

B Naik, N. (2023). Safety Helmet and Reflective Jacket, 
images of Individuals Wearing Safety Helmets and 
Reflective Jackets. 
https://www.kaggle.com/datasets/niravnaik/safety-
helmet-and-reflective-jacket 

Brilakis, I., Lourakis, M., Sacks, R., Savarese, S., 
Christodoulou, S., Teizer, J. and Makhmalbaf, A. 
(2010). Toward automated generation of parametric 
BIMs based on hybrid video and laser scanning data. 
Advanced Engineering Informatics, 24(4), pp.456-465. 

Czerniawski, T. & Leite, F. (2020). Automated digital 
modeling of existing buildings: A review of visual 
object recognition methods. Automation in 
Construction, 113, p.103131. 

Deshmukh, R., Wenguang, M. & Wei, M. (2020). 
Window Detection in Street Scenes, selected images 
from Paris Street-View Dataset with Window 
Annotations. 
https://www.kaggle.com/datasets/rude009/window-
detection-in-street-scenes 

Duan, R., Deng, H., Tian, M., Deng, Y. & Lin, J. (2022). 
SODA: site object detection dataset for deep learning 
in construction. arXiv preprint arXiv:2202.09554. 

Hou, L., Chen, C., Wang, S., Wu, Y. & Chen, X. (2022). 
Multi-object detection method in construction 
machinery swarm operations based on the improved 
YOLOv4 model. Sensors, 22(19), p.7294. 

Jog, G.M., Brilakis, I.K. & Angelides, D.C. (2011). 
Testing in harsh conditions: Tracking resources on 
construction sites with machine vision. Automation in 
construction, 20(4), pp.328-337. 

Lambrides, E., & Christodoulou, S.E. (2023). Human 
action detection and ergonomic risk assessment at 
construction sites, by use of machine vision and deep 
learning. In: EC3 Conference 2023 (Vol. 4). European 
Council on Computing in Construction, Crete, Greece. 

Moses, O. (2018). ImageAI, an open source python 
library built to empower developers to build 
applications and systems  with self-contained computer 
vision capabilities. https://github.com/ 
OlafenwaMoses/ImageAI.  

Nath, N. & Behzadan, A.H. (2020). Deep generative 
adversarial network to enhance image quality for fast 
object detection in construction sites. In: 2020 Winter 
Simulation Conference (WSC) (pp. 2447-2459). IEEE. 

Paneru, S. & Jeelani, I. (2021). Computer vision 
applications in construction: Current state, 
opportunities & challenges. Automation in 
Construction, 132, p.103940. 

Tzutalin (2015). LabelImg, a graphical image annotation 
tool.  https://github.com/HumanSignal/labelImg 

Umer Yasin, M. (2022). Bricks Under Construction or 
Old Building / Houses, an image dataset that contains 
pictures of buildings and houses under construction. 
https://www.kaggle.com/datasets/mumeryasin/bricks-
under-construction-or-old-building-houses/data 

Wang, Y., Xiao, B., Bouferguene, A., Al-Hussein, M. & 
Li, H. (2022). Vision-based method for semantic 
information extraction in construction by integrating 
deep learning object detection and image captioning. 
Advanced Engineering Informatics, 53, p.101699. 

Zhou, Q., Liu, H., Qiu, Y. & Zheng, W. (2022). Object 
Detection for Construction Waste Based on an 
Improved YOLOv5 Model. Sustainability, 15(1), 
p.681.

105

https://www.kaggle.com/datasets/ahmadahmadzada/images2000/data
https://www.kaggle.com/datasets/ahmadahmadzada/images2000/data
https://www.kaggle.com/datasets/niravnaik/safety-helmet-and-reflective-jacket
https://www.kaggle.com/datasets/niravnaik/safety-helmet-and-reflective-jacket
https://www.kaggle.com/datasets/rude009/window-detection-in-street-scenes
https://www.kaggle.com/datasets/rude009/window-detection-in-street-scenes
https://github.com/OlafenwaMoses/ImageAI
https://github.com/OlafenwaMoses/ImageAI
https://github.com/HumanSignal/labelImg
https://www.kaggle.com/datasets/mumeryasin/bricks-under-construction-or-old-building-houses/data
https://www.kaggle.com/datasets/mumeryasin/bricks-under-construction-or-old-building-houses/data


2024 European Conference on Computing in Construction 
Chania, Crete, Greece

July 14-17, 2024

A COMPARATIVE STUDY OF DEEP LEARNING MODELS FOR GRANULOMETRY 
IMAGE BASED ESTIMATION OF CONCRETE AGGREGATE

Benjamin Pasquier and Houda Chabbi Drissi
iCoSys - Institute of Artificial Intelligence and Complex Systems
HEIA-FR, HES-SO Haute école spécialisée de Suisse occidentale

Abstract
Obtaining the granulometry is the starting point of our
pipeline for automating the calculation of concrete proper-
ties using images. For this reason, we focus on developing
the best deep learning model that can compute aggregate
gradation and can generalize to images obtained from dif-
ferent aggregate producers. We investigate two established
approaches: Convolutional Neural Networks (CNNs) and
Vision Transformers (ViTs). Our analysis includes a ded-
icated CNN model trained from scratch, alongside pre-
trained CNN and ViT models adapted through transfer
learning.
To evaluate the performances and the generalization ability
of the models, we use three different datasets: two pub-
licly available and one of our own. Our analysis shows
that transfer learning followed by fine-tuning on ViT_16
outperforms the other models, on both classification and
regression tasks, with smaller errors and greater general-
ization capabilities.

Introduction
Deep learning applied to images is successfully used for
prediction in many fields. Our aim is to use images of ag-
gregates and a deep learning model to predict the prop-
erties of concrete. Our assumption is that such a model,
trained on a dataset of aggregate images and corresponding
concrete property data, would extract meaningful features
from the visual representations of aggregates. These fea-
tures can then be used to predict concrete properties such
as compressive strength and workability.
The most influential factor on the properties of concrete
mixtures is the type of used aggregates and their gran-
ulometry. Therefore, we propose to build a system that
uses aggregate images as the foundation for the predictive
final system, which will then use additional inputs to
predict concrete properties based on the aggregate size
distribution, as shown in Figure 1. Integrating this model
with a camera system observing the aggregate conveyor
belt during concrete production allows for real-time
granulometry determination through image analysis.
Leveraging this real-time information, the entire system
can then continuously estimate key concrete properties
enabling real-time monitoring of the mix design and
ensuring consistent concrete quality.
We are interested in concrete mixes in which recycled or

Figure 1: An overview of the final expected pipeline. In this
paper, we are interested in finding the best DL model for the

granulometry task.

natural aggregates may be present in varying proportions.
Therefore, we seek for a model that can accurately and
automatically extract granulometry distribution from ag-
gregates images. In addition, this model should have a
strong generalization capability, adapting to new images
and new particle size distributions of natural or recycled
aggregates, without the need to explicitly specify the ag-
gregate type.
To carry out our study, we compare the performances of
different deep learning architectures for granulometry es-
timation, first as a classification task, then as a regres-
sion task. To obtain a deep learning model, two main
approaches can be considered: either build an own net-
work and train it, or take advantage of generalist pre-
trained models to perform the desired downstream task
using transfer learning. The latter leverages knowledge
from large datasets to improve efficiency and performance
on new tasks. In our evaluation, we take AggNet, a
specialized Convolutional Neural Network (CNN) model
(Coenen et al., 2022) on the one hand, and perform
transfer learning on pre-trained CNN models from differ-
ent families on the other: MobileNetV2 (Sandler et al.,
2018), ResNet50 (He et al., 2015) and finally the Vi-
sion Transformer (ViT) model ViT_16 (Dosovitskiy et al.,
2020), a recent architecture using self-attention mecha-
nisms (Vaswani et al., 2017).
In addition to leveraging transfer learning to enhance the
performance of pre-trained models, we use hyperparam-
eter optimization techniques to refine the predictions of
these models. ResNet50 and MobileNetV2 are two pop-
ular deep learning CNN models that has been shown to be
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effective for a wide range of tasks and are relatively easy to
train and fine-tune. ViT_16 is a vision transformer (ViT)
that also shown to be state-of-the-art for image classifica-
tion. ViT architecture models are interesting in this study
because they are expected to allow a better accuracy and
generalize better than CNNs (Maurício et al., 2023).
The paper is organized as follow: the next section reviews
related works. Then, the two following sections introduce
our methodology and our experimental setup to carry on
the study for classification and regression tasks. Before
concluding, we present the results of our experiments.

Related Work
Classification and granulometry tasks to determine the dis-
tribution of particle is very important not only for esti-
mating concrete properties but for ore field in general.
To avoid the need for costly manual techniques such as
sieving, work has been carried out to automate the pro-
cess by analyzing images of aggregates or ores. Since
the emergence of deep learning, research has embraced
CNN as a primary approach. A comprehensive survey on
ore image processing using deep learning can be found in
WANGWei and Hao (2023), which highlights similarities
to approaches employed for aggregates. The application
of deep learning for aggregates can be divided into two
main categories: those that start from scratch by building
their own models, as seen in Lau Hiu Hoong et al. (2020),
Qin et al. (2023) or Coenen et al. (2022), and those that
leverage existing pre-trained models and employ transfer
learning techniques to adapt them to specific tasks, such as
Olivier et al. (2020). In addition to this distinction, there
is another categorization based on the image processing
strategy employed. The first one is to classify individual
aggregate images as described in Sun et al. (2022), while
the secondway is to regress from images of aggregate mix-
tures to granulometry distributions.
In the first category, the authors of Lau Hiu Hoong et al.
(2020) propose a customized Residual Network (ResNet)
model and a dataset of 36’000 images of individual grains.
They achieve a classification accuracy of 97% (brick, ce-
ramic, stone, etc.). They also proposed a segmentation
method to predict the nature of each grain in an image of a
multi-grain sample. In Qin et al. (2023), the study is based
on the concept of instance segmentation, using a special-
ized neural networkmodel (ASMask RCNN) to detect and
classify individual aggregates within mixed aggregate im-
ages. The results of their study indicate that the AS Mask
RCNN model achieved an accuracy of over 89.13%. The
approach requires a dataset made up of images and their
segmentation masks for each aggregate to be provided for
each image. All these papers demonstrate the relevance of
using deep learning models when calculating granulome-
try based on the segmentation of individual aggregates.
In the second category, where classifying and regress-
ing are used without segmentation, deep learning has also
been successfully used. In Olivier et al. (2020), the authors
use the CNN architecture VGG16 Simonyan and Zisser-

man (2015) with transfer learning to predict the ten size
fractions considered for an ore. The obtained results show
the effectiveness of a CNN in predicting the size distri-
bution of ore, with a mean model error of -0.012 and a
standard deviation of 0.107. Coenen et al. (2022) presents
a deep learning model, AggNet, for real-time determina-
tion of concrete aggregate grading curves. They propose
a dedicated CNN network model with multi-scale feature
extraction to handle diverse particle sizes and showed good
results on a classification task with an accuracy of 95.5%,
which is the best according to our knowledge.
We are interested in the second category of approaches be-
cause of their simplicity and industrial applicability. Once
trained, these models dispense with the need for labor-
intensive data preparation, allowing for direct estimation
of aggregate granulometry from images. The main diffi-
culty lies in preparing a dataset of varied aggregates im-
ages with their size distribution. Authors of AggNet pub-
lished their dataset Coenen (2022) which we rely on as it
meets our needs: each aggregate image is associated with
its particle size distribution. We use this model as a refer-
ence for our analysis to study how it generalizes to our own
dataset and to compare it to our approachwhich is based on
adapting pre-trained models. In Coenen et al. (2023), the
authors propose to use vision transformers and developed
again their own model based on this architecture. They
demonstrate the technical feasibility and interest of this ap-
proach. However, we believe that we can leverage the fea-
ture extraction capabilities of the pre-trainedmodels (CNN
or ViT), acquired through training on vast image datasets,
and tailor them to our downstream tasks of classification
and regression.

Methodology
As said in the previous sections, we compare four neural
network architectures for estimating the granulometry of
aggregates from images. We separate this task into two
sub-tasks: the first one aim to classify the aggregates im-
ages toward the corresponding DIN 1045-2 Deutsches In-
stitut für Normung (2008) standard granulometry class and
the second one aim to directly estimate the mass percent-
age for each bin size considered. To perform this compara-
tive study, we use three different datasets, two are publicly
available and one is own-made.

Data
We use two publicly available datasets that contain im-
age samples of natural aggregates: the Visual Granulom-
etry dataset (Coenen, 2022) and the Deep Granulometry
dataset (Coenen, 2023). The first one is designed for a
classification task and the latter for a regression task. The
Visual Granulometry dataset contains 900 images of ag-
gregates along with their corresponding DIN 1045-2 stan-
dard granulometry class. There are nine classes in the stan-
dard (see Figure 2), each representing a grading curve, i.e.
the size distribution of the aggregates. For each class, two
samples of 5 kg of aggregates were produced and mixed
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to obtain a total of 50 images per sample, and 100 images
per class.
The Deep Granulometry dataset contains 1650 images
of coarse aggregate samples with different particles sizes
ranging from 0.1 mm to 32 mm. Each image is accom-
panied by the mass percentage of each particle size bin
considered, following 33 different granulometries (11 per
largest grain size).
We then use a custom dataset with our own data that we
use only for evaluation purposes, in order to measure the
generalization of the trained models. This dataset con-
tains 174 images of both recycled or natural aggregates
from seven different sources, i.e. seven different granu-
lometries, in an unbalanced fashion. For the classification
task, we assign the DIN 1045-2 class to each of these gran-
ulometries by minimizing the mean squared error between
them and the granulometry of each class. As shown in
Figure 2, our grading curves can be far from the standard
classes, therefore the assignation is not exact but still al-
lows us to evaluate the model on our own data for a classi-
fication task. As two granulometries fall in the same class,
we have only 6 of the 9 DIN 1045-2 classes that are repre-
sented. For the regression task, we simply report the mass-
percentage for each size bin considered in the Deep Gran-
ulometry dataset.
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Figure 2: Grading curves of the DIN 1045-2 standard classes
(solid lines) and those of our sources (dashed lines).

Since the two publicly available datasets contains images
rectified by homography that were taken with a ground
sampling distance (GSD) of 0.125mm, we also rectified
our images in a similar way. However, as the setup was
not exactly the same for all taken images, 80 of images have
been cropped manually and can therefore present some de-
formations due to the perspective. In addition, the GSD of
our images is not exactly equal to 0.125mm. These vari-
ations in our own dataset will serve to assess the gener-
alization capabilities of the models we test. The Table 1
summarizes the size and characteristics of the two datasets
used.

Neural networks
Classification, i.e. classifying images of aggregates to-
wards the right DIN1045-2 standard class, is the first task
we consider. We assume that this task is simpler than
the regression one which consists of predicting the real

percentage for each size bin considered. Therefore, we
evaluate three CNN-based models, namely ResNet, Mo-
bileNetV2 andAggNet, as well as oneViTmodel. TheAg-
gNet model is a dedicated CNN model for granulometry
estimation and the source code of its architecture has been
made available by the authors (Coenen, 2022). The re-
maining three models are pre-trained models that we adapt
to the granulometry estimation task using transfer learn-
ing. We then adapt and evaluate the two best performing
classification models on the regression task, i.e. estimat-
ing the mass percentage for each size bin considered.

Transfer learning
As the state-of-the-art computer vision models are com-
posed of millions of parameters, they need to be trained
on large datasets. In order to adapt these models on a new
task, it is often recommended to use the weights of a pre-
trained model instead of training the model from scratch
and risking to overfit the data. This can be done by freez-
ing the weights of the pre-trained model and adding a new
fully connected layer on top of it, which will be trained on
the new task. This process is called transfer learning. In
this study, we freeze the weights of the pre-trained model
feature extraction layers, using it as a feature extractor, and
train a new fully connected layer on top of them, as shown
in Figure 3.
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Figure 3: An overview of the transfer learning process used in
this study. Feature extraction layers of the pre-trained model

are frozen and new trainable classification or regression layers
are added on top of them. Top image from (Deng et al., 2009).

To perform our comparative study, we use transfer learn-
ing on three pre-trained models, namely ResNet50, Mo-
bileNetV2 and ViT_16, all originally trained on the Ima-
geNet (Deng et al., 2009) dataset.

Training
The network parameters θ are learned by optimizing a loss
function L (θ), which differs depending on the network
task. The loss function is computed for each batch of data
and the network weights are updated according to the gra-
dient of the loss function with respect to the weights. The
compared classification networks aim to classify images
of aggregates towards M classes, where M is the num-
ber of DIN 1045-2 standard classes. To do so, they are
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Table 1: Summary of the datasets used.
Dataset Task Size Images

size
Particles

size
Nb. of
classes /
size bins

Visual Granulometry
(Coenen, 2022)

Classification 900 2200x3000px 0-32mm 9

Deep Granulometry
(Coenen, 2023)

Regression 1666 2200x3000px 0-32mm 33

Own Both 174 1072x1472px 0-32mm 6 / 7

trained by minimizing the well-known cross-entropy loss
function, defined as

LCE(θ) =−
M

∑
i=1

yi log(ŷi) (1)

where yi is the ground truth label for the ith class (either 0
or 1) and ŷi is the predicted probability for the ith class.
For the regression task, we aim to predict the mass per-
centage of the M size bins considered. Therefore, the net-
works are trained by minimizing the Kullback-Leibler di-
vergence, which is the same loss used in (Coenen et al.,
2022). It is defined as

LKL(θ) =
M

∑
i=1

yi log(
yi

ŷi
) (2)

where yi is the ground truth mass percentage for the ith size
bin and ŷi is the predicted mass percentage for the ith size
bin.
For training, we systematically perform early stopping to
avoid overfitting and use the Adam optimizer (Kingma and
Ba, 2017) to optimize model weights. In order to obtain
the best performances, we then perform different optimiza-
tions and evaluate their impact on a validation set before
selecting the best model.
−Data augmentation : As the dataset used for both clas-
sification and regression are relatively small (900 to 1666
images), we perform data augmentation to allow models
to generalize better and avoid overfitting on training data.
This data augmentation is performed during the training,
on the fly, so that it is highly unlikely for the model to see
the same image twice. We test two kind of data augmen-
tation:

1. A tuned augmentation by evaluating the model many
times on different combinations of geometric trans-
formations, such as rotation, shift, zoom or shear.

2. The augmentation proposed in paper (Coenen, 2022),
performing geometric and radiometric (e.g. hue shift)
transformations.

We compare the best tuned augmentation to the one pro-
posed in (Coenen, 2022) and keep the one that performs
the best on the validation set.
− Hyperparameter tuning : We then tune the hyperpa-
rameters of the models in order to optimize their perfor-
mances. This is done by evaluating many times the model

on different combinations of hyperparameters, which are
the batch size, the neurons number in the fully connected
layers, the dropout rate and the learning rate. We keep the
combination of hyperparameters that gives the best perfor-
mances on the validation set.
− Fine-tuning : Finally, we perform a final fine-tuning
by unfreezing the weights of the pre-trained model fea-
ture extraction layers and continuing the training for a few
epochs. We then evaluate if this fine-tuning improves the
performances of the model on the validation set.

Experimental Setup
In order to evaluate the performances of the different mod-
els, we use an identical experimental setup for all of them.
We first split the dataset into a training and test set with
a ratio of 80% and 20% respectively, the latter being only
used for the final evaluation of each model. Before train-
ing, the training set is further split into a training and val-
idation set with the same ratio, allowing us to select the
best model according to different configurations and to en-
sure its good generalization. The Table 2 summarizes the
number of images used for training and evaluation for each
task.

Table 2: Number of images used for training and evaluation for
each task. Evaluation is both performed on the Deep or Visual

Granulometry (V/DG) datasets and on our own dataset.
Set Classification Regression
Training 720 1326

Evaluation V/DG 179 340
Own 174 174

As the architecture of the three pre-trained models we con-
sider are designed to take images of 224x224 pixels as in-
put, all the images are cropped to be squared and then re-
sized to this size. For the AggNet model, images are sim-
ply down-sampled to 550x750 pixels, keeping their origi-
nal size ratio.
Figure 4 summarizes the training and evaluation proce-
dures. More details for each task we consider are given
in the next sections.
Classification task
For the classification task, we train and evaluate respec-
tively four models : ResNet50, MobileNetV2, ViT_16
and AggNet. Hyperparameter tuning, data augmentation
tuning and fine-tuning are only performed on ResNet50
and MobileNetV2, as ViT_16 showed already good per-
formances without doing so (see section Results and dis-
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Figure 4: Training and evaluation procedure for each model architecture we compare, on both classification and regression tasks.

cussion) and as the authors of the AggNet model already
performed these optimizations.
To evaluate their performances, we use the accuracy met-
ric, defined as

Accuracy =
Number of correct predictions
Total number of predictions

(3)

We also compute the confusion matrix, that allows us to
see which classes the evaluated model confuses the most.
It also allows us to quickly calculate other metrics per
class, such as the precision, recall and F1-score.

Regression task
For the regression task, we only train the two best perform-
ing models on the classification task, namely ViT_16 and
AggNet (see section Results and discussion). This time,
we also perform hyperparameter tuning, data augmenta-
tion tuning and fine-tuning on ViT_16 in order to obtain
the best possible model and see if it can outperform Ag-
gNet. Training configuration for AggNet model is once
again taken from (Coenen, 2022), while the best configu-
ration we find for ViT is the following :

• Tuned hyperparameters : batch size of 64, dropout
rate of 0, hidden size of 512 and learning rate of 0.007

• Tuned data augmentation : horizontal and vertical
flip, shift range of 0.1, zoom range of 0.3 and fillmode
on reflect.

• Fine-tuning : learning rate of 0.0001.

To evaluate the performances of each model, we use the
mean absolute error (MAE) metric and the root mean
squared error (RMSE) metric, defined as

MAE =
1
N

N

∑
i=1

|yi − ŷi| (4)

and

RMSE =

√
1
N

N

∑
i=1

(yi − ŷi)2 (5)

where N is the number of predictions, yi is the ground truth
mass percentage for the ith image and ŷi is the predicted

mass percentage for the ith image. These metrics are calcu-
lated for each size bin and then averaged to obtain a single
measure of model performances.
We compute the RMSE along with the MAE because the
RMSE penalizes more the large errors than the MAE, and
thus gives us an other important information about the
model performances. We use the RMSE instead of the
MSE because it is more interpretable as it is in the same
unit as the ground truth mass percentage vector.

Results and discussion
We first discuss the results obtained by the different clas-
sification models, before focusing on the results obtained
by the two best performing ones on the regression task.

Classification
Table 3 summarizes the performances in terms of accuracy
obtained by each comparedmodels on the two test datasets.
While they all performs significantly better on the Visual
Granulometry dataset, the ViT_16 outperforms the other
models with respective accuracies of 97% and 34% on
both datasets. As neither hyperparameter tuning nor data
augmentation tuning were performed on ViT_16, we can
assume that even better performances could be obtained
by doing so. This shows how powerful transformers can
be on various tasks, including computer vision tasks. The
AggNet model is also performing very well on the Visual
Granulometry dataset Coenen (2022), which coincide with
the results reported in Coenen et al. (2022). All the models
show a low accuracy on our own dataset, with accuracies
ranging from 26% (AggNet) and 34% (ViT_16), showing a
poor generalization of the model on the classification task.

Table 3: Performances of the different classification models on
the two test sets, i.e. the Visual Granulometry (VG) and our own

dataset.

Model Accuracy
VG data Our data

ResNet-50 0.85 0.30
MobileNetV2 0.87 0.29
ViT_16 0.97 0.34
AggNet 0.94 0.26

Figure 5 shows the confusion matrix obtained by the
ViT_16 model on our own dataset and help to understand
why models are under performing on it. As it shows high
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Table 4: Regression results on the Deep Granulometry dataset with both models. Errors are computed for each grain size bins
considered and then averaged.

Grain size bins [mm] 0.25 0.5 1 2 4 8 16 31.5 63 Avg.

AggNet MAE [%] 0.22 1.23 1.36 0.67 1.65 1.61 1.73 1.69 0.21 1.15
RMSE [%] 0.28 1.56 1.78 0.86 2.11 2.18 2.61 2.72 0.47 1.62

ViT MAE [%] 0.13 0.88 0.86 0.46 0.51 0.98 0.94 0.49 0.04 0.59
RMSE [%] 0.18 1.20 1.29 0.66 0.73 1.59 1.61 1.02 0.14 0.93

accuracy on Visual Granulometry data, we do not present
here the confusion matrix obtained on this data. On our
own data, ViT_16 frequently misclassifies B16 as A32 or
A16, and A32 as A16, likely due to the fact that our data
samples do not exactly follow the particle size distribu-
tion of the classes defined by DIN 1045. For better per-
formances, we should add more classes instead of simply
assign our sample to one of the standard classes. Analyz-
ing ViT’s regression performances on our data might be
more revealing, as it predicts continuous values of the real
granulometry instead of inferred discrete classes.

Figure 5: Confusion matrix obtained on our own dataset with
the ViT_16 model.

Regression
Since the best models on the classification task on Visual
Granulometry data are the ViT_16 and AggNet models,
we only train and evaluate these for a regression task.
Table 4 first shows the results obtained by both models
on the Deep Granulometry dataset (Coenen, 2023). The
ViT model therefore fares better than the AggNet model,
with an average MAE of 0.59% versus 1.15%, i.e. half
as much. The obtained RMSE with both models also con-
firmed this observation. As far as errors by size are con-
cerned, the ViT model seems to have more difficulty in
predicting proportions for sizes from 0.5mm to 1mm and
from 4 to 31.5mm, as does the AggNet model. It shows
that either some sizes are more difficult to differentiate
than others, either the data is much more varied in certain
bin sizes than others.
Theworst respectively the best predicted grading curves by
ViT on this first dataset are shown in Figure 6, along with
the ground truth. We see that the model achieve to predict
the perfect grading curve in some case, and to predict a
grading curve that is still very close from the ground truth
in the worst case.
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Figure 6: Best (top) and worst (bottom) predicted grading
curves (in blue) by ViT on the Deep Granulometry dataset,

along with the ground truth (in orange)
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Figure 7: ViT worst resulting grading curve (in blue) obtained
by averaging predictions of a same aggregates mixture on the

Deep Granulometry dataset, along with the ground truth.

If we average predictions over samples following the same
grading curve, we obtain a new prediction that is much
closer to the ground truth even in the worst case, as shown
in Figure 7. This shows that in a real setup where many
images of the samemixture of aggregates are taken, we can
predict a much more precise granulometry by averaging
the predictions made by the model.
Table 5 then shows the results obtained by both models on
our own dataset. The results are significantly worse than
those obtained on the Deep Granulometry dataset, with an
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Table 5: Regression results on our own dataset with both models. Errors are computed for each grain size bins considered and then
averaged.

Grain size bins [mm] 0.25 0.5 1 2 4 8 16 31.5 63 Avg.

AggNet MAE [%] 6.06 9.0 7.22 4.64 9.46 9.87 9.04 13.33 0.41 7.67
RMSE [%] 10.01 9.45 7.88 5.44 10.15 12.07 11.66 15.63 0.71 9.22

ViT MAE [%] 6.35 4.57 4.14 5.00 8.47 11.87 9.53 10.82 0.18 6.77
RMSE [%] 10.22 5.28 4.98 6.21 10.76 13.82 11.44 12.97 0.29 8.44

average MAE of 6.77% for the ViT model and 7.67% for
the AggNet model. While these errors are similar, ViT is
still able to generalize better that the AggNet model. This
overall increase in errors can be explained by the differ-
ence in particle size distributions between the two datasets.
Indeed, the granulometries of our dataset are significantly
different from those of the Deep Granulometry dataset. As
the models are trained on the latter, it is very likely that
they will have difficulty generalizing to other data. In ad-
dition, some images in our dataset have not been rectified
by homography, this difference in images may therefore
also have an influence on model performances.
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Figure 8: Best (top) and worst (bottom) predicted grading
curves (in blue) by ViT on the Deep Granulometry dataset,

along with the ground truth (in orange)

The worst respectively the best predicted grading curves
by ViT on our dataset are shown in Figure 8, along with
the ground truth. This time, we see that the model may
struggled to predict a grading curve close from the ground
truth, especially when aggregates follow a granulometry
far from the ones the model was trained on. These re-
sults indicate that we may need aggregates training data
that follows a wider range of granulometries in order to in-
crease the generalization of the model. We can still note
that for different but close granulometries, the model is
able to make prediction with few errors, which is encour-

aging. If we average predictions over samples following
the same grading curve, we achieve to reduce the MAE
but still remains relatively high (11%) in the worst case, as
shown in Figure 9. The need for more varied training data
therefore remains.
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Figure 9: Worst resulting grading curve (in blue) obtained by
averaging predictions of a same aggregates mixture made by

ViT on our own dataset, along with the ground truth (in orange).

Conclusion
The result of our study shows that using the dedicated
CNN AggNet model of Coenen et al. (2022) for the task
of classification and calculation of the distribution of ag-
gregates from their images is a better approach than per-
forming transfer learning on the most popular pre-trained
CNNs that we used: ResNet50 and MobileNetV2. On the
other hand, our tests show that applying transfer learning
on a pre-trained model based on transformers (ViT_16) al-
lows to achieve better results on the two considered tasks.
Iman et al. (2023) positions transfer learning as a valuable
technique to unlock the full potential of deep learning. In
our case, where the images are very specific and different
from datasets of the pre-trained models, the smaller Ag-
gNet model, using multi-scale feature extraction layers, ef-
fectively handles the diverse aggregate sizes compared to
the generalist pre-trained CNNs. This specialization likely
contributes to its better performance. Similarly, ViT_16
excels in this task due to the inherent ability of transform-
ers to capture both local and global interactions within the
image, potentially explaining the advantage of ViT over
AggNet.
To evaluate the generalization ability of each model, we
employed our own dataset for testing. This dataset differs
from the publicly available one used to train and evaluate
the models in two key ways. Unlike the public dataset,
it includes both natural and recycled aggregates and it
presents different aggregate size distributions. Again, we
obtained better results with ViT_16, which reinforces the
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idea of deepening this approach to improve its adaptability
to datasets that do not perfectly follow the granulometry of
the training data. While the current results of this general-
ization are not optimal, we believe incorporating a subset
of our own data into the training set has the potential to
significantly improve model performance.
Therefore, our next future task is to enlarge our own dataset
in order to cover a greater variety of grading curves. Be-
sides, our dataset is currently imbalanced, and we aim to
achieve a balanced distribution with at least 100 images
per class. While this imbalance was not a disadvantage
for the present study (used for testing only), it needs to be
addressed to determine the best strategy for ViT_16 gen-
eralization. We will explore two options: fine-tuning the
model on a subset of our own data or reapplying trans-
fer learning with hyperparameter tuning incorporating this
subset into the training dataset. Our goal is also to identify
the optimal dataset size that maximizes the generalization
performance of the ViT model for granulometry estima-
tion.

Acknowledgments
We are thankful to Daia Zwicky, Julien Ston and Sonia
Anselmina from iTeC institute of HEIA-FR (Institut des
Technologies de l’Environnement Construit) for the prepa-
ration of our own dataset.
This research was partially supported by a grant of the
Programme de recherche HEIA-FR / Smart Living Lab
(AGP:119149).

References
Coenen,M. (2022). Dataset: Visual granulometry: Image-

based granulometry of concrete aggregate.

Coenen, M. (2023). Dataset: Deep granulometry.

Coenen, M., Beyer, D., and Haist, M. (2023). Granulome-
try transformer: image-based granulometry of concrete
aggregate for an automated concrete production control.

Coenen, M., Beyer, D., Heipke, C., and Haist, M. (2022).
Learning to sieve: Prediction of grading curves from
images of concrete aggregate. ISPRSAnnals of the Pho-
togrammetry, Remote Sensing and Spatial Information
Sciences, V-2-2022:227–235.

Deng, J., Dong, W., Socher, R., Li, L.-J., Li, K., and Fei-
Fei, L. (2009). Imagenet: A large-scale hierarchical im-
age database. In 2009 IEEE Conference on Computer
Vision and Pattern Recognition, pages 248–255.

Deutsches Institut für Normung, B. (2008). Din 1045-
2: Concrete, reinforced and prestressed concrete struc-
tures.

Dosovitskiy, A., Beyer, L., Kolesnikov, A., Weissenborn,
D., Zhai, X., Unterthiner, T., Dehghani, M., Min-
derer, M., Heigold, G., Gelly, S., Uszkoreit, J., and

Houlsby, N. (2020). An image is worth 16x16 words:
Transformers for image recognition at scale. CoRR,
abs/2010.11929.

He, K., Zhang, X., Ren, S., and Sun, J. (2015). Deep
residual learning for image recognition. CoRR,
abs/1512.03385.

Iman, M., Arabnia, H. R., and Rasheed, K. (2023). A re-
view of deep transfer learning and recent advancements.
Technologies, 11(2).

Kingma, D. P. and Ba, J. (2017). Adam: A method for
stochastic optimization.

Lau Hiu Hoong, J. D., Lux, J., Mahieux, P.-Y., Turcry, P.,
and Aït-Mokhtar, A. (2020). Determination of the com-
position of recycled aggregates using a deep learning-
based image analysis. Automation in Construction,
116:103204.

Maurício, J., Domingues, I., and Bernardino, J. (2023).
Comparing vision transformers and convolutional neu-
ral networks for image classification: A literature re-
view. Applied Sciences, 13(9).

Olivier, L. E., Maritz, M. G., and Craig, I. K. (2020).
Estimating ore particle size distribution using a deep
convolutional neural network��this work is based on re-
search supported in part by the national research foun-
dation of south africa (grant number 111741). IFAC-
PapersOnLine, 53(2):12038–12043. 21st IFAC World
Congress.

Qin, J., Wang, J., Lei, T., Sun, G., Yue, J., Wang, W.,
Chen, J., and Qian, G. (2023). Deep learning-based
software and hardware framework for a noncontact in-
spection platform for aggregate grading. Measurement,
211:112634.

Sandler, M., Howard, A. G., Zhu, M., Zhmoginov, A., and
Chen, L. (2018). Inverted residuals and linear bottle-
necks: Mobile networks for classification, detection and
segmentation. CoRR, abs/1801.04381.

Simonyan, K. and Zisserman, A. (2015). Very deep con-
volutional networks for large-scale image recognition.

Sun, Z., Li, Y., Pei, L., Li, W., and Hao, X. (2022). Classi-
fication of coarse aggregate particle size based on deep
residual network. Symmetry, 14(2).

Vaswani, A., Shazeer, N., Parmar, N., Uszkoreit, J., Jones,
L., Gomez, A. N., Kaiser, L. u., and Polosukhin, I.
(2017). Attention is all you need. In Guyon, I.,
Luxburg, U. V., Bengio, S., Wallach, H., Fergus, R.,
Vishwanathan, S., and Garnett, R., editors, Advances
in Neural Information Processing Systems, volume 30.
Curran Associates, Inc.

WANGWei, LI Qing, Z. D.-z. L. H. andHao,W. (2023). A
survey of ore image processing based on deep learning.

113



2024 European Conference on Computing in Construction 
Chania, Crete, Greece 

July 14-17, 2024 

MACHINE LEARNING MODEL PREDICTION OF PROJECT SUCCESS
K. Moravej, S. L. Laroche, and S. M. Musick

Canadian Nuclear Laboratories, Chalk River, Canada 

Abstract 

Managing projects can be challenging with 
institutionalism and enterprise environments. Artificial 
Intelligence can be used to augment decision-making by 
enhancing the understanding of "drivers" enabling project 
performance. Research was performed to determine if a 
supervised machine learning (ML) model could 
predict the project's performance at fiscal year end, 
utilizing mid-year information. Enterprise Data, from 
annual performance data was used to train and evaluate 
several ML models. The results are promising, and 
indicate the potential of identifying projects that require 
monitoring at mid-year. Organizations could use a similar 
methodology to support decision-making and focus on the 
highest-value projects with predictable outcomes. 

Introduction 

The tendency for an organization to manage projects with 
the determination to drive successful outcomes can be 
challenging with institutional dynamics and enterprise 
environmental factors. Decisions to initiate, continue, or 
stop projects are frequently based on short-sighted 
assumptions, such as flawless implementation of 
processes and “as planned” project execution. These 
assumptions often result in risks that are realized where 
projects require longer durations to complete and at higher 
costs, a study found up to a 38% extension in schedule 
duration and an increase in the original budget of up to 
45% (Chandrasekaran, et al., 2021). 
To help mitigate these risks, new and evolving tools, 
approaches, and methodologies are being applied to 
enable decisions earlier. One such tool is ML. When 
augmented with an organization's Enterprise Data, ML 
will enhance the project teams' awareness and 
understanding of the "drivers" enabling project 
performance.  
An agile organizational change management approach is 
critical to the success of implementing any ML model. 
Primarily, this approach is directly associated with the 
tendency of an organization to have complex data 
environments that do not readily lend themselves to direct 
integration between systems with the ever-changing 
enterprise environment, (Bou Hatoum, Nassereddine, 
Musick, & El Jazzar, 2023). However, it is essential that 
the exhaustive amount of data being generated daily 
throughout the project lifecycle is captured using a 
holistic framework that enables collaborative access by 
decision makers (Hatoum, Piskernik, & Nassereddine, 
2023).  

The development of new tools for project management is 
evident as industry continues to invest in projects with 
only 35% of these projects being considered successful 
(Nieto-Rodriguez & Viana Vargas, 2023). Projects 
management activities continue to rely on traditional 
tools, such as spreadsheets and slides. Artificial 
Intelligence (AI) can be used to leverage the existing 
information in enterprise systems to reveal trends earlier 
and enable better selection and prioritization of projects. 
A Gartner Survey reported that 37% of organizations had 
implemented AI in some form by 2019, increasing 27% 
from the previous four years (Costello, 2019). This 
increasing trend to use AI has continued with the 
availability of commercial off the shelf items that 
integrate AI into their service offerings. 
In this project, the application of ML in project 
management was investigated. A research initiative was 
undertaken to determine whether a supervised ML model 
could accurately predict the probability of project success. 
This research aimed to illustrate that organizations could 
enhance their project management methodologies by 
integrating their own model designs with existing 
approaches. The initiative utilized Enterprise Data, 
incorporating annual project performance data from 
almost 700 projects over a five-year period. These 
projects were labelled with binomial project identifiers, 
such as "On Track" or "Monitor Performance", 
determined from prescribed cost and schedule 
performance indices success criteria ranges. The 
outcomes from the labelling effort were then used to train 
the ML model algorithms.  
This research sought to determine how the trained model 
classifies each project, by evaluating the explain-ability of 
the ML model. These results furthered the understanding 
of the behavior of ML models and revealed that after six 
months, cost and schedule performance indices were lead 
indicators in predicting project success.  
The ML model, designed under this research initiative, 
provided advanced insights into project performance 
ahead of project completion. This additional insight 
provided management with additional information to 
determine if the project should proceed, and a firm 
foundational technique that other organizations can use to 
leverage ML. Once implemented, organizations would be 
able to weigh project benefits while supporting decision-
making process through the gating and sanctioning 
process, focusing on the highest value projects with 
predictable outcomes. 
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Objective 

This project aims to explore the feasibility of designing a 
supervised ML model capable of predicting the project's 
status at the end of the fiscal year, utilizing the 
information accessible during the mid-year point. To 
achieve this objective, the following steps were taken: 

 Data Source: Identify and extract relevant data
sources from the company's database.

 Data cleaning and Processing: Evaluation,
cleaning, and preprocessing of the extracted data to
prepare it for ML model training.

 Model Training and Evaluation: Training, tuning,
and evaluating ML models using the prepared
dataset.

Data Sources 

The identification of suitable enterprise data is a critical 
step when starting to develop the ML model. A complete 
understanding of the data is important in determining 
what is possible or not based on the data available and its 
quality.  
A review of historical project data identified three types 
of data sources to serve as project information with 
similar characteristics. These data sources were Project 
Data (including Earned Value Management System 
(EVMS) Data), Milestones, and Deliverables. The 
Milestones and Deliverables datasets are crucial tools for 
project management as they contain information about 
each project's ability to achieve the desired outcomes. The 
enterprise data was consolidated into a single location, or 
a dataverse, as shown in Figure 1. This process required 
the careful integration of data from all sources, rigorous 
data cleaning, and preprocessing steps to remove 
irrelevant data points. Data consistency was ensured 
across all sources by standardizing the data format and 
aligning the data fields. 

Programs 
&

Project Plans

Need
Customer 
Request

Enabling 
Request

Schedule

PMO 
Governance

Financial Systems

Management Reports

Corporate 
Governance

Monthly 
Progress

EVMS 
Data

Actual
Costs

New Change
Requests

Actual
Costs

Dataverse

Executive Manager

Program Project

Figure 1: Dataverse contents 

The extracted dataset consisted of nearly 700 projects 
spanning a five-year timespan, with multi-year projects 
included for every year of their duration. Figure 2 
illustrates the number of projects for each fiscal year. 

Figure 2. The number of projects for each fiscal year. The 

horizontal axis represents the fiscal year, where, for example, 

"1819" corresponds to the fiscal year 2018-19, and "2223" 

corresponds to the fiscal year 2022-23. 

Table 1 summarizes the types of information available for 
each project and included free text, categorical, and 
numerical. This project information served as input to the 
ML model after appropriate pre-processing and is referred 
to as project input or indicators in this paper. 

Table 1: Information available for each project. 

Free Text Categorical Numerical 

WorkPackage_Title  
Project Description  
Project Objective  
Background  
Tasks details  
Milestone details  
Deliverable details 
Etc.  

fiscalyear  
Program,  
Program Manager  
Theme_Name,  
SubTheme_Name  
Project Lead  
Principal Investigator  
planned employees  
actual employees  
Etc. 

BurdenedCost  
April-March EVBurdened  
April-March PVBurdened  
April-March ACBurdened 
Etc.  

Data cleaning and Processing 

The resulting structured dataset was designed for ML by 
ensuring the data was well-formatted, consistent, and 
complete. All dataset fields were retained during this 
phase to determine which fields should be used as inputs 
for the ML model. This decision ensured that all 
potentially useful information was available for analysis 
and optimization of the ML model's performance. Several 
appropriate feature engineering and pre-processing 
techniques, such as normalization, scaling, encoding of 
categorical data (Müller & Guido, 2016), text 
preprocessing, and topic modeling (Tong & Zhang, 2016) 
using natural language processing (NLP) were 
implemented.  

Project Success Indicators 
Labelled data is required to train a supervised ML model. 
To classify the projects, a success metric was established 
and each project tagged with the appropriate label. The 
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project data could be classified as either "On Track" or 
"Monitor Performance".  

The criteria for labelling the dataset were determined 
based on Project Management Office governance and 
annual Cost and Schedule Performance Indices, SPI, and 
CPI. These indices were used to label the historical project 
performance data which could then be used to train the 
supervised ML model. Table 2 shows the metric used for 
labeling the projects. For example, if the project's CPI at 
the end of the fiscal year is 0.98, that project is labeled as 
"On Track," and if the CPI at the end of the year is 1.25, 
the project is labelled as "Monitor Performance." The 
same idea has been applied to label each project based on 
the SPI metric. This approach provided two labels for 
each project: one based on the CPI and the second one 
based on the SPI performance.  

Table 2: The CPI and SPI thresholds for labelling projects. 

Metric Threshold Label 

CPI & SPI 0.95 ≤ metric < 
1.2 

On Track 

CPI & SPI 
metric < 0.95, 
metric ≥ 1.2 

Monitor 
Performance 

Model Training and Evaluation 

Given that CPI and SPI are distinct variables driven by 
dynamically different factors, two separate models were 
created. The first model was formulated to predict the CPI 
label at the end of the year, while the second model 
concentrated on predicting the SPI label. The input 
parameters for both models remained consistent with only 
the target variable being different between the two 
models. For the SPI model, the target variable is the SPI 
label, while for the CPI model, the target variable is the 
CPI label. 

To ensure a fair evaluation of our model's performance 
post-training, the data was divided for each model into a 
training dataset (75%) and a test dataset (25%). This 
dataset split was organized to preserve a similar ratio of 
monitor performance and on-track instances in both the 
training and validation sets. Subsequently, the ML model 
underwent training using the training set and performance 
evaluation using the test datasets—essentially, unseen 
data—during the training phase. This approach serves as 
a reliable indicator of the ML model's effectiveness and 
performance. 

Multiple ML models have been trained to investigate their 
performances on our dataset. In this paper, the Decision 
Tree (Charbuty & Abdulazeez, 2021), Random Forest 
(Parmar, Katariya, & Patel, 2019) and XGBoost (Chen & 
Guestrin, 2016) models were used to evaluate the 
suitability. 

The hyperparameters of each model were tuned using the 
K-Fold cross-validation technique (Gupta, Gupta, Kumar,
& Sardana, 2021). K-Fold cross-validation is very

important in ML development and hyperparameter 
tuning, especially when dealing with a small dataset. This 
method improves model performance and robustness 
while optimizing hyperparameters for better 
generalization. We adjusted the hyperparameters of our 
models using the F1 score which is defined as: 

𝐹1 =  2 ∗
(𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 ∗ 𝑅𝑒𝑐𝑎𝑙𝑙)

(𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 + 𝑅𝑒𝑐𝑎𝑙𝑙)
  (1) 

where, precision measures the proportion of true positive 
predictions out of all positives and recall measures the 
proportion of actual positives correctly predicted by the 
model.  Precision and recall are defined as: 

𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 =  
𝑇𝑃

𝑇𝑃 + 𝐹𝑃
  (2) 

𝑅𝑒𝑐𝑎𝑙𝑙 =  
𝑇𝑃

𝑇𝑃 + 𝐹𝑁
  (3) 

where, 

 True Positives (TP) are the number instances that are
correctly predicted as positive by the model.

 False Positives (FP) are the number of instances that
are incorrectly predicted as positive by the model
when they are actually negative.

 False Negatives (FN) are the number of instances that
are actually positive but are incorrectly predicted as
negative by the model.

These metrics are determined by comparing the actual and 
predicted labels generated by the trained model.  

Model evaluation and comparison 

Recall was prioritized for the Monitor Performance class 
when evaluating the performance of each model. This 
prioritization is because the primary goal is to identify and 
flag all projects belonging to this class, while being less 
concerned if some flagged instances designated as 
Monitor Performance, turn out to be On Track. Table 3 
summarizes the performance of different models on our 
dataset for CPI label prediction, and Table 4 summarizes 
the performance of different models for SPI prediction. 

116



OFFICIAL USE ONLY / À USAGE EXCLUSIF OFFICIAL USE ONLY / À USAGE EXCLUSIF OFFICIAL USE ONLY / À USAGE EXCLUSIF 

Table 3: The performance of different models on test data set 

for CPI label prediction. 

Monitor Performance On Track 

Precision Recall F1 Precision Recall F1 

Decision 
Tree  

0.69 0.69 0.69 0.56 0.57 0.56 

Random 
Forest 

0.74 0.85 0.79 0.72 0.57 0.64 

XGBoost 0.74 0.77 0.76 0.66 0.62 0.64 

Table 4: The performance of different models on test data set 

for SPI label prediction. 

Monitor Performance On Track 

Precision Recall F1 Precision Recall F1 

Decision 
Tree  

0.72 0.58 0.64 0.51 0.66 0.57 

Random 
Forest 

0.80 0.79 0.79 0.69 0.70 0.70 

XGBoost 0.76 0.77 0.76 0.65 0.63 0.64 

Table 3 and Table 4 show that for both CPI and SPI, the 
Random Forest model outperforms other models, 
reasonable in both Recall and Precision metrics for the 
'Monitor Performance' class. XGBoost also demonstrates 
reasonable performance, with its results closely aligning 
with those of the Random Forest Model. 

The models were also compared in terms of 
computational costs and the results are summarized in 
Table 5. The models were trained and tested on a 
Windows laptop with an 11th Gen Intel(R) Core(TM) i5-
1145G7 processor running at 2.60GHz and 16.0 GB of 
RAM. Table 5 shows that XGBoost is the most expensive 
one during the training phase and Random Forest is the 
most expensive one during the test phase. 

Table 5: The computational cost of different models. 

Train time (s) Test Time (s) 
Decision Tree 0.003 0.0004 
Random Forest 0.266 0.022 
XGBoost 0.495 0.008 

Performance Factor Importance 

This initiative aimed to investigate how the trained 
Random Forest model classifies each project and 
determine which project input/performance indicator 
holds the highest contribution or importance in the 
prediction of the Random Forest model. This approach is 
known as feature importance (Menze, et al., 2009) in the 
ML community. Figure 3 shows the top ten project 
indicators in terms of importance in the prediction of 
Random Forest Model. 

Figure 3: Importance of Performance Indicators for CPI 
model. 

Figure 4 displays the top 10 project inputs in terms of their 
importance and impact on the Random Forest ML model 
for predicting the CPI label. This assessment revealed that 
mid-year cost performance holds the highest significance. 
Schedule performance had a comparatively lower 
significance, which can be attributed to the flexibility in 
the delivery approach, allowing for adjustments to recover 
the schedule. 

Figure 4: Importance of Performance Indicators for SPI model. 

Figure 4 illustrates the top 10 project inputs in terms of 
their importance and impact on the Random Forest ML 
model for predicting the SPI label. Results showed that 
mid-year SPI is more important than other project inputs. 
Following September, August, and July SPI, Burdened 
Cost and mid-year CPI emerge with the highest 
importance. 

Methodology for Implementation 

Two separate models were designed and optimized, one 
for CPI and one for SPI, to predict the project status at the 
end of the fiscal year, utilizing information available at 
mid-year. Both the CPI and SPI models independently 
labeled each project, resulting in two labels for each 
project: one based on outcomes from the Cost model and 
another from the Schedule model (refer to Table 6). 
Subsequently, the results were consolidated into a single 
outcome per project for review by the project team and 
decision-makers. The classification methodology used is 
outlined in Table 6.  
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Table 6: Labelling methodology based on the outcome of CPI 

and SPI models.  

CPI Model 
Label 

SPI Model 
Label 

Resultant 

On Track On Track Project on Track 

Monitor On Track Monitor Cost 
Performance 

On Track Monitor Monitor Schedule 
Performance 

Monitor Monitor Project at Risk 

Conclusions and Discussion 

In this project, multiple ML models were developed to 
predict the project's status at the end of the fiscal year 
based on the information available at mid-year. The 
results are promising, and testing the models indicates that 
we can potentially identify projects that need monitoring 
at mid-year.  However, it is important to acknowledge 
that, due to the complexity of factors affecting project 
management, achieving perfect precision and recall with 
such an application is inherently impossible. This 
highlights the need for a balanced approach in interpreting 
and applying the model's predictions in practical 
scenarios.   
The ML model designed under this research initiative, 
provided advanced insights into project performance 
ahead of project completion. This additional insight 
provided management with additional information to 
determine how to proceed with the project, and a firm 
foundational technique that other organizations can use to 
leverage ML. Once implemented, organizations would be 
able to weigh project benefits while supporting the 
decision-making process throughout the gating and 
sanctioning processes while focusing on the highest value 
projects with predictable outcomes. Using a ML model as 
part of enabling a more powerful framework for 
monitoring project performance, the following 
prospective outcomes can be inferred: 

 Stabilizing a central dataverse to house all
project performance data is critical to enabling a
ML model for projects of any scale or
complexity.

 Ability for a more robust determination on which
projects should proceed during the gating and
sanctioning process from a fulsome
understanding of the true as-is condition based
on current performance and the potential for a
project's future success.

 Project teams will be able to more readily see
and understand where and how their optimism
bias is impacting the overall performance of the
project.

 Actionable forecasted intelligence on where the
project team's efforts should be focused to
correct the predicted outcome.

 Business decisions can be made with greater
confidence while projects are evaluated more
closely earlier on.

These findings from this research furthered the idea that 
organizations can use ML to support project management 
activities with project outcomes and can be predicted after 
capturing six months worth of project performance data. 
Further, cost and schedule performance indices were 
viable leading indicators in predicting project success 
when utilizing the earned value management system. 
Despite the simplicity of this model, it is anticipated and 
expected that the subsequent steps and implementations 
for leveraging ML within an organization would be 
dramatic and exponential. The foundational needs and 
designs required to establish this simplistic model will 
enable many future avenues to explore to further enhance 
predictable project execution. 
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Abstract
Computer vision models trained on Google Street View
images can create material cadastres. However, current
approaches need manually annotated datasets that are dif-
ficult to obtain and often have class imbalance. To ad-
dress these challenges, this paper fine-tuned a Swin Trans-
former model on a synthetic dataset generated with Ope-
nAI’s DALL-E and compared the performance to a simi-
lar manually annotated dataset. Although manual annota-
tion remains the gold standard, the synthetic dataset perfor-
mance demonstrates a reasonable alternative. The findings
will ease annotation needed to develop material cadas-
tres, offering architects insights into opportunities for ma-
terial reuse, thus contributing to the reduction of demoli-
tion waste.

Introduction
Demolition waste from construction and renovation activ-
ity is a growing problem internationally, making up 25%-
30% of all waste generated in the EU (Anastasiou et al.,
2014). There is a general consensus that current practices
have room for improvement for diverting and recovering
materials from demolition waste (Kabirifar et al., 2020).
Recovering demolition waste is not a common activity in
many countries because there remain limitations that prac-
titioners currently face. Not having insight into the avail-
ability of which specific materials will be available and
at what time is often identified as a top barrier (Akanbi
et al., 2020). The planning of projects that could use re-
covered materials typically begin several years before the
actual construction begins. A material cadastre that maps
detailed buildingmaterial information for every building at
the scale of a country with an estimate of when the mate-
rials could become available would significantly alleviate
the current time window bottleneck.
Because of the significant potential of this solution, sev-
eral researchers have turned their attention to developing
city-scale material cadastres with computer vision mod-
els trained on images of building exteriors (Raghu et al.,
2023; Arbabi et al., 2022). A top pain-point in developing
these models is acquiring the training data necessary for
machine learning (ML). For deep learning models, some
practitioners say that the size of training data should be 10x
the number of weights in a network (Baum and Haussler,
1988)—often leading to six figure digits and more.
Additionally, because the type of material is not known be-
fore the GPS coordinates are requested to collect training

data, this process can lead to some materials (i.e. classes)
having higher counts than other classes—also known as
class imbalance. ML practitioners try to avoid class im-
balance because a ML model will place importance on a
class that has a higher chance of occurring in the training
data. For example, if brick is the most commonmaterial in
the training data, then the model is likely to predict brick
when deployed in a real-world situation. This effect can be
negligible if brick actually is the most common material in
a city, but it is preferable to assume equal class counts since
the true distribution of materials in a city is unknown.
The scale achieved by previous studies has been at the scale
of a city; however, the blue sky vision for a tool like this
would be at the scale of a country. This would mimic cur-
rent practices of sourcing materials while staying within
the bounds of maximum distance for a recovered material
to travel before its sustainability benefits become negligi-
ble (Ginga et al., 2020). There is some truth to the logic
that if a model works at the scale of a city then it should
have similar performance at the scale of a country; how-
ever, previous studies have identified that several problems
can arise when scaling an image classification task (Mag-
giori et al., 2017; Perronnin et al., 2010; Hendrycks et al.,
2022). For example, wood siding can take on different
colours and textures in different cities since it is often a
regional material, but an image classification model may
struggle to perform well if it hasn’t been trained on wood
with a particular colour. Because it’s impossible to foresee
all potential quirks that may arise with a given use case, it’s
important tomove beyond proof-of-concepts at the scale of
a city and demonstrate that themodel maintains reasonable
performance at the scale of a country.
Furthermore, it would be desirable to test an image classi-
fication model’s performance on residential and office in-
teriors since this layer of a building typically has a high rate
of change, resulting in a potentially high yield of reusable
renovation waste. However, obtaining large and diverse
datasets of building interiors can be challenging because
of privacy concerns, data access limitations, and the labor-
intensive process of data collection and annotation. As a
result, public datasets for this task are limited in size, diver-
sity, and representativeness, which may not fully capture
the complexity and variability of real-world interior envi-
ronments. Addressing the scarcity of this type of dataset
could unlock an important layer in the quest for creating
country-wide material cadastres.
Therefore, the aim of this paper is to investigate the poten-
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tial of using synthetically generated images to augment and
extend previous research done to classify façade materials
in Google Street View (GSV) images. More specifically,
the research questions that this paper addresses are:

1. What are the impacts on an image classifier’s perfor-
mance when correcting the class imbalance of a man-
ually annotated dataset with synthetic data?

2. Is the error distribution of an image classifier trained
exclusively on synthetic data comparable to a classi-
fier trained onmanually annotated data when both are
evaluated on a manually annotated test set?

3. Does a model trained and tested only with synthetic
data have a similar error distribution to the manually
annotated dataset?

The results from these research questions make several
contributions to the field of urban mining for material
cadastres. To the authors’ best knowledge, no previous
studies have utilized synthetic images that mimic GSV im-
ages for augmenting and extending an image classification
model to detect façade material. As a result, we present
a novel approach to reduce the amount of time needed to
develop a training dataset for the classification of façade
materials, as well as provide an indication of the poten-
tial to use synthetic images to create datasets that would
otherwise be difficult to obtain. Additionally, we present
two methods to decrease errors in the current approaches:
utilizing a higher resolution model by reducing the prob-
lem space and augmenting a manually annotated dataset to
correct class imbalance. The workflow developed in this
research can be extended to detect façade materials that
have no manually annotated training data and the work-
flow can be used to improve performance of the current
state-of-the-art for this specific use case.

Background
Material stock datasets
In 2023, researchers from ETH Zurich published the first
urban-scale ground truth dataset—hereon referred to as
the Urban Resource Cadastre (URC) dataset—to detect
façade materials in Tokyo, New York City, and Zurich
(Raghu et al., 2023). The researchers collected this data
by first identifying GPS coordinates of interest, request-
ing the corresponding GSV image for these GPS coordi-
nates, and manually annotating all resulting images. This
dataset contains 971 annotated 400x600 pixel images with
the labels ‘brick’, ‘stucco’, ‘rustication’, ‘metal’, ‘siding’,
‘wood’, ‘null’ (for images with no façade), and ‘other’ (for
façade material that did not belong to any of the other la-
bels). However, the authors noted that collecting this type
of dataset can easily become a time-consuming process.

Generating images for training data
In recent years, there were significant developments with
synthetic images generated for the purpose of training
downstream models. Research in this area is often fueled
by use cases where acquiring more data is time/cost pro-

hibitive, it is necessary to mask personally identifiable in-
formation for privacy, or it is not possible to collect data
at all (Man and Chahl, 2022). There exists a wide vari-
ety of generative text-to-image models; however, it has re-
cently been accepted that diffusionmodels outperform pre-
vious text-to-image generative models. Inspired by non-
equilibrium thermodynamics, diffusion models replicate
the diffusion process observed in physics by teaching a
deep learning model to add and reverse noise in images
(Sohl-Dickstein et al., 2015).

The lack of diversity within a synthetic dataset is a known
limitation associated with generating images for training
models. To overcome this, He et al. (2023) used “language
enhancement” to add variety to the prompts given to the
generative model while also using a filter to discard images
that didn’t resemble the target image. The “language en-
hancement” involved using a simple keyword-to-sentence
Natural Language Processing (NLP) model based on the
T5 model (He et al., 2023) to make sentences from key-
words. This method to diversify the generated output is
prone to straying far from the desired image, however. To
counteract this effect, He et al. (2023) proposed a “CLIP
Filter” that leveraged CLIP zero-shot classification confi-
dence. However, the authors aimed to create a fully au-
tomated process, which could be excessive for use cases
where there is enough value in just generating synthetic
images alone—which is this paper’s use case.

Façade materials with high reusability potential

At this point, it becomes apparent that we should justify
the selection of specific façade materials for the synthetic
generation of images. For example, there exist buildings
built with ETFE plastic bubbles, but since these projects
are rare, their inclusion in a training dataset would con-
fuse a ML model. While research in the area of the
reusability potential of specific building materials is rather
sparse, Icibaci (2019) and Iacovidou and Purnell (2016)
identified stone with lime-based mortar, curtain walls, and
concrete panels as materials with high reusability poten-
tial—hereon referred to as the High Reusability Potential
(HRP) labels.

Image classification

Originally developed for NLP tasks (Vaswani et al., 2017),
vision transformers (ViTs) are deep learning models that
take an image separated into patches (with its positional
information saved), encode these patches into a memory,
and compare that memory with a target value (Dosovit-
skiy et al., 2020). The memory is created with ‘attention’,
which maps all the patches to each other to establish rel-
ative importance between them all (Vaswani et al., 2017).
The Swin Transformer is a variant of the ViT methodol-
ogy, which has shown to outperform many other models
on image classification tasks while also being conscious
of computational efficiency (Liu et al., 2021).
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Figure 1: Workflow showing all four experiments: baseline, augmented, mixed, synthetic with sub-experiments for stucco and siding.

Experiment
Workflow
The workflow shown in Figure 1 assembled all materi-
als and methods together into four experiments. There
are three main experiments compared to a baseline exper-
iment: augmented, mixed, and synthetic. For each exper-
iment, a pre-trained image classification model was fine-
tuned with the respective dataset, with synthetic images
first passing through a brute-force image quality evalua-
tion. After model training, the predictions were evaluated
on the experiment’s test dataset. The synthetic experi-
ment’s test set is entirely synthetic while the other three
experiments use a manually annotated test set.

Materials
Drawing on previous research, four datasets (baseline,
augmented, mixed, and synthetic) were collected for the
purposes of training an image classification model to repli-
cate previous work and to also train a model on unseen la-
bels. The baseline, augmented, and mixed datasets used
the URC labels, while the synthetic dataset used the HRP
labels. For the augmented, mixed, and synthetic exper-
iments (shown in Figure 2), varying amounts of 512x512
pixel synthetic imageswere generated. This resolutionwas
suitable for image classification models that can be trained
on consumer-grade hardware.
For the baseline, augmented, and mixed experiments, the
number of labels was reduced to three to create sub-
experiments: null, other, and one label of interest in order
to reduce the parameter space of the image classification
model. ‘Stucco’ and ‘siding’ were isolated as two labels
of interest because ‘stucco’ had a similar class distribu-
tion as the ‘null’ and ‘other’ labels, and because ‘siding’
had a high class imbalance in the original dataset. There-
fore, there were two sub-experiments for the baseline,
augmented, and mixed eyxperiments using two sets of
labels:"null, other, stucco" and "null, other, siding".

mented, and mixed experiments using two sets of labels:
“null, other, stucco” and “null, other, siding”.
As mentioned earlier, the URC dataset came with class im-
balance, so the augmented experiment corrected this class
imbalance with synthetic images. The mixed experiment
used only synthetic images for training while leaving the
entire URC dataset as the test dataset. Finally, the syn-
thetic experiment trained and tested entirely on synthetic
images using the HRP labels: ‘stone’, ‘curtain wall’, and
‘concrete panels’. The synthetic experiment dataset size
was made to match the mixed stucco experiment’s dataset
set to maintain comparability.	

Methods
There are several open source versions of diffusion models
that are capable of creating synthetic images; however, the
effort required to get them into an operational state can of-
ten be time-prohibitive while also requiring intensive hard-
ware. For that reason, OpenAI’s DALL-E 2 model was
chosen to generate images because it is the most effective
to leverage with just a simple API request. A portmanteau
of the famous surrealist artist Salvador Dalí and the Pixar
character WALL-E, DALL-E takes in a user defined text
prompt to create highly realistic images. The DALL-E 2
text-to-image generation model was trained on 650million
images (Ramesh et al., 2022); however, OpenAI does not
disclose the source of training data for any of their mod-
els (Jiang et al., 2023). To reduce this dependency on an
external organization, it would be ideal to develop an open
source model in-house, however.
A limitation of generating synthetic GSV images was the
inability for DALL-E to create believable images with
more than one façade material. Other researchers found
similar difficulties when requesting more than three com-
ponents with descriptions about shape or colours (Mar-
cus et al., 2022). Additionally, it was possible to utilize
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Figure 2: Class distributions for the different datasets.

a higher resolution image classification model by reduc-
ing the label set to one material of interest combined with
the ‘null’ and ‘other’ labels. For these reasons, it was de-
cided to generate images with one label. Since this paper’s
use case would not require predicting several labels in real-
time, it is proposed that the implementation would require
several models with each model focusing on one label (as
well as the non-buildings and other materials).
As mentioned earlier, there was enough value in creating
the synthetic images alone to not utilize a fully automated
filtering process. Therefore, a brute force version of this
process was suitable. This brute force method shown in
Figure 3 involved generating a collection of prompts from
keywords, generating a few hundred images by randomly
sampling a prompt from the collection, manually removing
irrelevant images from the final dataset, and taking note of
the few prompts that were likely to produce the best im-
ages. The remaining dataset was generated using this final
collection of ‘high batting average’ prompts.
To achieve a classification model that can perform at the
scale of a country, it is desirable to encourage diversity
in the synthetic images by injecting additional keywords

into the prompt. For this experiment, the facade material
label was given possible synonyms, a time period when
the façade material was likely to be common, and cities
where the facade material can be found. However, these
keywords could be extended to any aspect of a building,
such as type, size, or neighbourhood density. For exam-
ple, ‘siding’ was assigned the synonyms ’shiplap’, ’feather
edge’, ’fiber cement’ and the time period ’20th century’.
For all labels in the augmented andmixed experiments, the
original URC dataset cities (New York City, Zurich, and
Tokyo) were used as keywords. For the synthetic experi-
ments, the cities ’Vancouver’, ’San Francisco’, and ’Am-
sterdam’ were chosen arbitrarily but would benefit from
additional cities in future experiments.
For the image classification task, it was decided to use
a Swin Transformer model pre-trained on the ImageNet-
21k dataset to maximize comparability to previous studies
and to leverage a well-known image classification model.
A pre-trained image classification model is trained on a
large generic dataset with the intention to later ’fine-tune’
the ’head’ of the model on tailored datasets. This method
generally improves accuracy and reduces the need for a
large tailored dataset. The ImageNet-21k dataset is com-
monly used for pre-training because it is 14 million images
with 21,000 labels and contains a variety of natural images.
Raghu et al. (2023) achieved a macro-averaged F1 score
of 0.93 by applying the pre-trained Swin Transformer v2
model to the URC dataset. However, the authors used the
model version with a resolution of 192 pixels, which was
not adequate for the synthetic image dataset. It was seen
that the synthetic images struggled with creating the same
texture detail as real images, and this data loss was com-
pounded when used with a low-resolution model. This
is akin to taking a photocopy of a photocopy. Therefore,
the experiments in this study use the Swin Transformer v2
model with 384 pixel resolution.

Figure 3: Brute force method to filter irrelevant synthetic
images from accepted images.

To provide a quantitative and objectivemeasurement of the
image classification performance, it was decided to cal-
culate the weighted F1 score, precision, recall, as well as
create a receiver operating characteristic (ROC) graph and
confusion matrices for each experiment. The confusion
matrix is a grid of all target labels with the y-axis repre-
senting the true test values and the x-axis representing the
predicted test values. In this way, it’s possible to index how
many samples were predicted for a specific label: the first
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cell in the grid shows the number of samples predicted as
‘null’ were correctly classified. It is not possible to de-
cide which dataset performed the best by looking at these
confusion matrices, however, so quantitative metrics were
calculated: precision and recall.

precision =
t p

t p+ f p
(1)

recall =
t p

t p+ f n
(2)

Precision (1) refers to the likelihood that a prediction will
be correct, while recall (2) refers to the likelihood that all
samples will be correctly classified. In its basic binary
form, the precision is the true positives (tp) divided by all
samples marked as positive (tp + fp) (2). Similarly, the re-
call formula (2) divides the true positives (tp) by the sum
of true positives and false negatives (tp + fn). The F1 score
(3) provides a harmonic mean of both precision and recall.

F =
2∗ precision∗ recall

precision+ recall
(3)

When working with multi-class problems, it is necessary
to choose an averaging mechanism for the F1 score, preci-
sion, and recall metrics. The ‘weighted’ average is recom-
mended for imbalanced classes because it assigns differ-
ent weights to each class based on their prevalence in the
dataset. This prevents the dominant class from strongly
influencing these metrics.
Lastly, the ROC curve graph was created to visually com-
pare the performance of all four experiments. In this
study’s context, the ROC curve can be used to visualize
the characteristics of the performance; at what threshold
between the true positive rate and false positive rate the
model becomes uncertain about its predictions.

Discussion and result analysis
Image generation
As with many NLP models, the generated prompts con-
tained a fair amount of hallucination; however, these non-
sensical prompts surprisingly created some of the best im-
ages. For example, a successful prompt for the ‘stone’ la-
bel was, ”The construction of building made of stone is in
the medium of the Artistic Gymnastics.” It was valuable
to refrain from editorial oversight of the initial prompts to
allow for spontaneity in the generated images. Because of
this, the resulting datasets had more diversity than if one
prompt created all the synthetic images.
Some labels had a higher number of generated images
flagged as irrelevant than other labels, with an average of
24% of all images being flagged as irrelevant. In most
cases, the irrelevant images featured materials different
from the target label. For example, the ‘stucco’ label of-
ten created images showing metal, siding, or rustication,
which resulted in 45% of all ‘stucco’ images being flagged
as irrelevant. In some cases, the generative image model
created images with no building shown at all.

Figure 4: Confusion matrices for all experiments.

Image classification
By reviewing the confusion matrices, ROC curve graph,
and bar graph comparing F1 scores, precision, and recall,
we are able to achieve a nuanced and holistic evaluation
of the image classification results in the context of the re-
search questions.
The confusion matrix compares the number of true labels
versus predicted labels. To aid in comparability and in-
terpretability, the numbers of each row in the matrix were
normalized to a percentage scale of 0% to 100%. The set
of confusion matrices (Figure 4) show which labels per-
form the worst and best for each experiment and whether
any degradation of performance is acceptable. Comparing
the augmented stucco experiment to the baseline, it can be
seen that the augmented dataset offered a slight advantage
for the ‘null’ and ‘other’ labels, while maintaining perfect
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performance for the ‘stucco’ label. When using the mixed
dataset, there was decrease in performance (100% of true
‘stucco’ samples predicted as ‘stucco’ versus 91% of true
‘stucco’ samples predicted as ‘stucco’). Moving to the sid-
ing experiment set, the augmented siding experiment had
a decrease in performance (as opposed to the augmented
stucco experiment). This is likely because the ‘siding’ aug-
mented class had a higher proportion of synthetic to man-
ually annotated images, which triggers the question that
there might be a threshold where the ratio of synthetic
to manually annotated images hinders performance. The
mixed siding experiment showed further degradation with
only 48% of predicted ‘siding’ samples matching the true
‘siding’ label. This may have been caused by the size of
the mixed siding dataset (248 training samples and 62 test-
ing samples for each class), which was half the size of
the mixed stucco dataset (596 training samples and 149
testing samples for each class). Lastly, it is no surprise
that the synthetic experiment achieved near perfect results
since the model had no way to test its performance on ‘in
the wild’ images. Comparing the synthetic experiment re-
sults to the mixed experiment offers insight into the pos-
sible ways a model trained and tested on purely synthetic
data might degrade when brought into a real data scenario.
The ROC curve graph is helpful in comparing each experi-
ment’s discrimination capability between different classes.
A model with a curve that hugs closely toward the top left
corner suggests high performance in sensitivity and speci-
ficity, while the straight, black, dotted line represents the
performance of a random classifier. A model with a ROC
curve too close to this random classifier line indicates that
the model is essentially predicting a class at random.

Figure 5: ROC curve graphs comparing the stucco and siding
sub-experiments.

From the ROC curves (Figure 5), it can be seen that there
are a few experiments that achieved both high sensitiv-
ity and specificity across all thresholds, indicated with an
Area Under the Curve (AUC) value of 1.00: both base-
line experiments, the augmented stucco experiment, and
both synthetic experiments. The two mixed experiments

achieved AUC values of 0.95 and 0.91 for stucco and sid-
ing, respectively, which is generally considered quite a
good score. Since those ROC curves are positioned well
above the random classifier line, it can be interpreted that
these mixed models achieved a meaningful separation be-
tween true positives and false positives.
Evaluating the weighted precision, recall, and F1 score of
the four experiments provides a global view of the over-
all performance of each experiment. A higher precision
indicates a lower rate of false positives, a higher recall in-
dicates a lower rate of false negatives, while a higher F1
score indicates a balance between precision and recall.
The bar graphs showing the weighted F1 score, preci-
sion, and recall (Figure 6) further supports the observa-
tions that models trained with some augmentation can in-
crease performance and models trained with synthetic im-
ages maintain reasonable results on a manually annotated
test dataset. The highest performing experiments were
the synthetic experiment and the baseline siding experi-
ment, achieving a value of 0.98 for all three metrics. Al-
though the confusion matrices differed slightly, the base-
line stucco and augmented stucco experiments achieved
the same score of 0.96 for all three metrics. The aug-
mented siding experiment performed slightly worse than
the baseline siding experiment with a value of 0.91 for F1
score and recall (and a value of 0.93 for precision). This
further supports the finding that too much augmentation
can degrade performance. Although the mixed experi-
ments had a decrease in metrics, the mixed stucco experi-
ment maintained a reasonable performance with the values
0.86, 0.87, 0.86 for F1 score, precision, and recall. The
mixed siding experiment showed further degradation with
values 0.72, 0.75, 0.74 for F1 score, precision, and recall.
However, the training and testing sets were half the size of
the mixed stucco experiment, which could have influenced
performance.
There were several key findings from this study; some
that offer an improvement over the state-of-the-art, and
some that provide a nuanced analysis into the trade-offs
made when training a model on synthetic images. In terms
of overall improvement, this study achieved a higher F1
score, precision, and recall than the state-of-the-art by uti-
lizing a higher resolution model (Swin Transformer v2 at
384 pixel resolution) and reducing the problem space to
three labels (null, other, and a label of interest). This study
achieved a 0.98 weighted F1 score, 0.98 recall, and 0.98
precision on the baseline siding experiment while the state-
of-the-art achieved 0.93 macro F1 score, 0.91 recall, and
0.96 precision (Raghu et al., 2023). For marginal improve-
ments, it was found that augmenting a dataset with 27%
synthetic data (for the ‘stucco’ class) offered a slight im-
provement over the baseline. This had the opposite effect
when using a dataset with 80% synthetic data (for the sid-
ing class). As for the possibility to train a model on en-
tirely synthetic data, the performance was generally worse
than the baseline, but still a reasonable performance with
the mixed stucco experiment capturing 91% of true posi-
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Figure 6: Weighted F1, precision, and recall for all
experiments.

tives in the confusion matrix, achieving an AUC value of
0.95, and scoring 0.87 for precision and 0.86 for the F1
score and recall. The results from the mixed siding exper-
iment may have been adversely affected by the size of the
dataset (62 samples for test and 248 samples for training);
potentially signaling a need to have a larger dataset when
training on synthetic images. The near perfect results of
the synthetic experiment show that it is possible to train a
model on synthetic images for a new label set, but demon-
strates the value of testing a model on manually annotated
images.

Conclusions
Recent advancements in text-to-image generation have
made it feasible to train image classification models on
synthetic images, addressing previous challenges of data
scarcity and enabling scalability to a national or global
level for façade material identification. In this study, we
explored the potential benefits and trade-offs that could be
made when using varying amounts of synthetic images for
training a classification model, as well as proposed an im-
provement in overall performance with a higher resolution
model. The research contributes a novel approach in urban
mining for material cadastres by utilizing synthetic images
to augment and extend an image classification model for

detecting façade materials, offering a potential solution to
reduce training dataset development time and address data
scarcity challenges while improving current approaches’
performance. This, of course, comes with caveats: the
text-to-image prompts should trigger diversity in the gen-
erated images, the model should be at least 384 pixel res-
olution, the problem space should be reduced to three la-
bels (null, other, and label of interest), the synthetic train-
ing data should be large enough, and it is worthwhile to
still manually annotate a test set to develop an intuition
for the types of errors that will happen. The results from
this study are limited to replicating GSV images for the
study’s specific set of labels and would not necessarily
guarantee reasonable performance for synthetic images of
building interiors or niche facade materials (such as ce-
ramic tile cladding). Access to a high-performance GPU
(an nVidia GeForce RTX 3070 8GB GPU) enabled uti-
lization of the pre-trained Swin Transformer v2 384 pixel
resolution model, which may not be possible to train on a
CPU alone. Additionally, there could be privacy concerns
associated with remotely compiling building material in-
ventories, particularly regarding historical (materials that
should not be moved from their location) or high-security
façade materials (materials that may reveal structural vul-
nerabilities).
These limitations indicate future research that could
progress the field of urban mining for material cadastres
further. While this experiment achieved good results mim-
icking GSV images, it would not be safe yet to conclude
that any type of building image could be replicated with
synthetic images. Therefore, it would be valuable for fu-
ture work to explore applying the workflow to interior of-
fice and residential synthetic images. For the resolution
of synthetic images, there was a considerable difference
in performance when moving from the 192 pixel model to
the 384 pixel model resolution, which begs the question
whether generating higher resolution images and training
with an even higher resolution model may increase perfor-
mance further. When generating the synthetic images, a
brute-force method was used to separate irrelevant images
from the training set because it was suitable for this use
case; however, an automatic filteringmethodwould greatly
reduce the time needed to prune the output of the genera-
tive model. Further studies using synthetic images could
benefit material cadastre research by unlocking building
interior datasets, by increasing performance of image clas-
sification models even more, and by reducing the time
needed to filter synthetic images. Developing a robust im-
age classification model that has proven reliable perfor-
mance in detecting building materials in a wide variety of
contexts, scales, and building layers would be an impor-
tant milestone in the goal to develop country-widematerial
cadastres for reusable demolition and renovation waste.
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Abstract 

Ensuring that a building can be safely evacuated in 
emergencies necessitates using various specialized 
simulators for prediction, including earthquake 
propagation, safe evacuation route planning, etc. 
However, there is no common vocabulary nor 
standardized approach for integrating diverse building 
simulation models, hindering their direct integration in an 
unified collaborative simulation. This is a crucial 
limitation because no single simulator alone can 
accurately predict evacuation scenarios in the building 
industry. We propose the concept of Building Simulation 
Identity Cards (BSIC) that characterizes and integrates 
properties of specialized simulation models and 
demonstrates its role in collaborative simulations for 
emergency evacuation.  

Keywords: Collaborative Simulations, Building 
Simulation Identity Cards, BIM, Emergency Evacuation 

Introduction 

Disasters, whether resulting from human activities or 
natural phenomena, pose a significant risk to life and 
property, even when they can be anticipated. Emergency 
evacuation, as a primary safety measure, involves the 
organized movement of people from disaster areas to safe 
zones. This practice has been extensively studied and 
implemented to mitigate the devastating consequences of 
such events (Yueming & Deyun, 2008). 
Emergency evacuation simulations in buildings involve 
technological innovation, safety engineering, and 
collaborative planning. As our urban landscapes continue 
to expand and undergo transformation, safety and 
resilience in built environments become increasingly 
important. Research in the field of effective emergency 
evacuation gained momentum in the 1980s after nuclear 
incidents at Three Mile Island and Chernobyl 
(Battegazzorre et al., 2021; Johnson Jr & Zeigler, 1986). 
These incidents served as evidence of the inability of 
many emergency authorities to handle such catastrophic 
events. The subsequent development of specialized 
simulators has become indispensable for forecasting 
evacuation scenarios, encapsulating essential information 
such as geometry, behavior, occupant characteristics, 
environmental conditions, assessment of structural 

integrity under seismic conditions, identification of 
potential challenges through physical simulations, and 
estimation of evacuation time, among others. 
However, despite the availability of powerful, specialized 
simulators, there is not a single simulator that can account 
for the highly diverse range of scenarios that users may 
need to make predictions about. For example, consider a 
prediction scenario for an earthquake event. An 
evacuation planning simulator alone often does not 
consider elements such as structural failure resulting from 
earthquake loading or considerations of lighting, 
electricity, weather, and time of day.  
In response to these challenges, our study selectively 
focuses on specific simulations, including: (a) earthquake 
propagation within the building, (b) development of 
secure evacuation routes, (c) geometric modeling of the 
building structure, (d) assessment of structural integrity of 
the building under seismic conditions, (e) identification of 
potential challenges in evacuation through physical 
simulations, (f) estimation of evacuation time, and (g) 
analysis of occupant movement pattern to ensure the 
effectiveness of results. 
Addressing the aforementioned challenge involves 
integrating specialized simulators effectively within a 
collaborative simulation, or so-called co-sim (Gomes, 
Thule, Broman, et al., 2018; Hansen et al., 2024; Thule et 
al., 2019) framework to ensure the validity, reliability, and 
formal verifiability of co-simulation results. 
Toward achieving a comprehensive solution, our study 
introduces a novel concept, the Building Simulation 
Identity Cards (BSIC) which is aimed at addressing 
inconsistencies during the integration of simulation 
models, ensuring that different modules or components 
can interact correctly, proposed as a comprehensive 
research agenda and vision for the community. In this 
paper, we will introduce and outline the development of 
the BSIC concept, drawing inspiration from key 
technological initiatives in other industries such as 
manufacturing, automobile, and aviation, where similar 
approaches have proven successful in enhancing 
operational efficiency and interoperability between 
simulation models. 
The process for the development of BSIC involves the 
creation of standardized ontologies and meta-models to 
characterize building simulators, which will incorporate 
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available information regarding the simulation model 
across various aspect (Aßmann et al., 2006; Mahdavi et 
al., 2023). It involves creating standardized interfaces, 
frameworks, and algorithms to facilitate their integration 
into collaborative simulations (Hansen et al., 2022) . An 
example of this approach is the Model Identity Card 
(MIC) that has been developed for characterizing 
simulators in the automotive industry (Sirin et al., 2015). 
Attached to the emergency evacuation planning domain, 
The BSIC concept will incorporate Functional Mockup 
Interface (FMI) (Schwan et al., 2017) and co-simulation 
theory and frameworks. This ensures the standardized 
storage and sharing of simulation model information, 
including interfaces, input/output parameters, methods, 
and usage data. This integration will enhance 
collaboration and knowledge transfer between simulation 
models, promoting interoperability and mitigating 
existing barriers.  
BSIC will serve as a novel BIM-based solution for 
harmonizing the properties and attributes of various 
simulation models employed in the context of emergency 
evacuation. BSICs act as standardized profiles for 
simulation models integrated with BIM standards 
(Eastman, 2011). In this framework, the present study will 
address the following research question: 
RQ: How can the integration of two independent 
simulation models be systematically achieved to facilitate 
the co-simulation process in the building sector for 
emergency evacuation planning in case of earthquake? 
By leveraging BSIC, we have a potential avenue for 
improved collaboration and communication among 
stakeholders, researchers, and practitioners involved in 
emergency evacuation simulations. In this paper, we 
introduce the concept of BSIC as a solution to the 
challenge of the integration of specialized simulators 
including earthquake analysis and emergency evacuation 
simulator for predictive simulations in case of emergency 
evacuation planning from buildings.  

Related Work 

There are several research studies focused on emergency 
evacuation simulation within buildings. (Gelenbe & 
Desmet, 2013) used graph theory to identify critical 
positions for emergency evacuations in buildings. In 
another study. (Forssberg et al., 2019) aimed to improve 
the reliability of evacuation design assessments by 
analyzing the variability in pre-movement times during 
building evacuations. (Mirahadi & McCabe, 2021) 
proposed the utilization of Dijkstra's algorithm to identify 
the most secure path-planning strategy for evacuations, 
particularly in the context of fire emergencies. The model 
establishes a risk factor for each compartment, taking into 
account factors such as fire location and potential 
blockages. By employing a modified version of Dijkstra's 
algorithm, the model calculates the path with the lowest 
risk. (Kirby et al., 2015) in their study, they used 
AnyLogic software to create an evacuation simulation 
model, demonstrating the importance of data on optimal 
staff, materials, space, and time resources required for 

evacuation planning. Additionally, (Chu et al., 2019) in 
their study investigated the emergency evacuation 
simulation and management optimization in urban 
residential communities. A framework was developed for 
data acquisition, scenario development, evacuation 
simulation, and emergency management analysis. 
In parallel, collaborative simulations (co-sim) have 
emerged as a topic of increasing interest in the building 
industry. (Alfalouji et al., 2023) investigated the 
integration of multiple tools for co-simulation of 
buildings and smart energy systems. This method has 
significant potential in advancing building envelopes due 
to its ability to accommodate complex control strategies 
and sequences. 

Framework for co-simulations for building 

By pursuing our aim in this paper, the Building 
Simulation Identity Card (BSIC) concept is developed to 
overcome challenges in integrating and orchestrating 
specialized simulators in a collaborative simulation 
framework. In this light, we propose a roadmap for BSIC 
development inspired by major technological initiatives, 
i.e MIC, to characterize simulators in the automotive 
industry.  
In order to address occupant safety challenges in 
buildings, a design and engineering team develops a 
comprehensive digital model of the building, very often 
incorporating BIM-based programs such as Revit. 
Subsequently, the structural engineer analyzes the 
building for potential failure and risk under earthquake 
loading (Smith, 2016) using the BIM model in  a 
structural integrity simulator. The earthquake loading is 
sourced from another plateform, e.g., PEER Ground 
motion data base (PEER-Center, 2013). The data from 
this simulator needs to be integrated into the evacuation 
planning simulator. The data may include information 
about the occupants, output from the structural integrity 
simulator, and available evacuation routes. Taken 
together, the purpose of conducting these simulations is to 
plan the evacuation of people from the building in the 
event of an earthquake. Yet, neither of the two 
aforementioned simulators can independently execute 
such a scenario. Therefore, running a co-simulation is 
imperative to obtain the desired results. However, the lack 
of a common vocabulary for integrating different 
simulators poses a high risk of simulation model 
integration failure. The framework for co-simulations for 
emergency evacuation planning from buildings is 
represented in Figure 1. The evacuation planning engineer 
uses BSIC to gather the structural integrity simulator 
output, which serves as input for the emergency 
evacuation simulator. This process involves manual 
implementation, where a structural engineer formulates 
the BSIC for the structural integrity simulator. 
Subsequently, an evacuation planning engineer utilizes 
this BSIC as input for the emergency evacuation 
simulator.  
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Figure 1: Framework for co-simulations for emergency 

evacuation from buildings. 

In co-simulation, the process begins by defining the 
connections between simulation unit instances at the 
system modeling level. These simulation units interact 
through designated interfaces, known as ports. For 
instance, in the seismic analysis and dynamic evacuation 
simulation unit, there is a float output port. The 
framework also incorporates the Functional mockup 
interface (FMI) (Palmieri et al., 2020), a common 
interface standard crucial for co-simulation. FMI provides 
a standardized approach for encapsulating simulation 
functionalities, enabling seamless transfer of inputs 
between simulation units. In assosiation with Functional 
mockup units (FMUs), which are standardized models for 
exchanging simulation data, multi-model facilitates the 
transfer of input to each simulation unit at the current time 
step. Subsequently, within each simulation unit, the time 
step for the next major iteration is calculated and used in 
the multi-model (see next sectoin for multi-model). Each 
simulation unit advances in a time step until it reaches the 
point where the maximum shear and moment causing 
structural failure of the beam are obtained. A 
collaborative simulation using this multi-model is finally 
executed by a Co-sim Orchestration Engine (COE), which 
will act as the central control unit, coordinating 
interactions among simulation instances. This process is 
done manually as a part of proof of concept.  

Building Simulation Identity Card (BSIC) 

We develop BSIC that represents key attributes of 
simulation models, including general information about 
the simulator, modeling choices, its behaviour, internal 
variables, parameters, and simulation results, which serve 
as the basis for input for other simulators. As presented in 
Table 1, these attributes are part of the proof-of-concept 
study, and a more detailed formalization of the BSIC will 
be undertaken in future research.  

Table 1: Classification of attributes used to formulate BSIC. 

Attributes Description 

Information 

Modelling Choice 

Required Simulation 
tool 

Behaviour 

Interface 

Internal Variables 

Parameters 

Simulation Results 

Name , Purpose, description, run 
time & version of simulation model 

Modelling field, model dimension 
and time scale 

Name , version and alternative 
simulator tool 

Behaviour specification, analysis 
type 

Nature, domain , sub-domain 

Type, description, value, unit 

Classification, quantity, scale 

Time step, accuracy, outputs 

Multi-model 

FMUs and their interdependencies establish the 
framework known as a multi-model system. The concept 
of multi-modeling involves the integration of diverse 
simulation models to analyze complex systems (Fishwick 
et al., 1994). This enables communication among 
different simulators and provides information that cannot 
be obtained through the use of a single model. This 
approach allows for a more comprehensive analysis of the 
system's overall dependability and performance under 
various scenarios, such as emergency evacuation planning 
from buildings. For instance, in the context of emergency 
evacuation planning scenarios, multi-modelling allows 
the integration of structural integrity and emergency 
evacuation models. Each model represents a different 
aspect of the case, facilitating a more holistic 
understanding of the system as a whole. 
In this study, we develop a multi-model that uses BSIC to 
aid in the solution of potential inconsistencies in the 
creation and combinations of specialized simulation 
models. Figure 2 shows the multi-model for co-simulation 
of emergency evacuation planning incorporating 
structural integrity.   

Figure 2: Emergency evacuation planning multi-model. 
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Proof of concept demonstration 

In this section we present a proof-of-concept 
demonstration of an evacuation scenario that integrates an 
earthquake simulator and occupant egress simulator. The 
structure under examination is intended to be simple in 
terms of geometry, a single-story building featuring two 
rooms measuring 20 by 30 feet each. The building has 
been modelled using Autodesk Revit software. The 
structure has one normal exit, referred to as Evacuation 
Point (E.P)1, and an emergency exit labelled E.P2. The 
primary evacuation route is E.P1, which is used by most 
occupants during normal times. In case E.P1 is 
inaccessible, individuals will use E.P2 as an emergency 
exit. The total area of the building encompasses 1200 
square feet, accommodating 20 individuals. Figure 3 
represents the floor plan of the building. 

Figure 3: Building floor plan. 

A comprehensive structural analysis of the building was 
conducted, revealing a fundamental time period (Çelebi, 
2007) of 0.84 seconds. ETABS software was used for a 
comprehensive analysis of structural stability and 
earthquake impact (Guleria, 2014). The time history of the 
1989 Loma Prieta earthquake (PEER-Center, 2013) 
served as a reference for this analysis. The structural 
analysis revealed the maximum stresses experienced by 
structural elements at t=5 sec, with corresponding shear 
and moment recorded. During this critical instance, the 
shear and moment data suggest a potential beam failure 
above E.P1. This is because the design shear and moment 
capacity of the beam is less than the shear and moment 
caused by the applied loads. Subsequently, these findings 
were transcribed into the BSIC (see the next section), 
forming the basis for input in an emergency evacuation 
analysis. To facilitate evacuation analysis, a dedicated 
agent-based simulator was employed using the Python 
language. 

Results 

The ETABS analysis provides critical information 
regarding the structure's seismic response. This is 
represented through a comprehensive time history plot, 
illustrating the dynamic movement of the structure's 
floors. The plot represents base shear over time, 
describing the structure's response to seismic forces. 
Figure 4 represents a time history plot illustrating the 

seismic response of the building under earthquake 
loading, indicating a peak base shear of -78 kips occurring 
at t = 5 seconds in X direction. This plot is utilized to 
analyze the behavior of the building under seismic loading 
(Rathod & Gupta, 2020). 

Figure 4: Dynamic base shear time history plot (X-dir) for the 

building under earthquake loading. 

The analysis results indicate that at t = 5 seconds, the 
structural beam above E.P1 experience maximum stress. 
At this point, the stress level has reached a critical level, 
which indicates a potential vulnerability in the structure. 
It's important to note that the beam above E.P1 may fail 
due to a critical stress condition, leading to its blockage. 

Figure 5: Screenshot of the ETABS tool showing the maximum 

moment and shear diagram for beam above E.P1 at t=5 sec 

The seismic forces during the earthquake event have 
created conditions where the moment and shear forces 
acting on the beam above E.P1 exceed its design structural 
capacity. This ultimately leads to beam failure. Figure 5 
illustrates the moment and shear diagram for the beam 
under consideration subjected to earthquake loading. 
Figure 6 illustrates the lateral displacement of the 
structure in the X-dir, providing a visual representation of 
structural deformation under earthquake loading. The 
displacement in the X-dir is more than in the Y-dir. 
Notably, the lateral displacement of the structure at t=5 
seconds exceeds the allowable limit of H/500 (Abd Samat 
et al., 2017), reaching 0.6 inch. This will cause structural 
failure starting from the beam above E.P1.  

Time 
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Figure 6: Lateral story displacement in X-direction. 

The integration of outcomes derived from the seismic 
analysis simulator into the evacuation planning simulator 
has been executed manually, serving as a proof of 
concept. This process is represented in the sequential 
diagram illustrated in Figure 7.  A master algorithm is 
utilized by a Co-sim Orchestration Engine (COE), such as 
the Jacobi algorithm, which performs a simulation step by 
initiating the advancement of all FMUs in time, retrieving 
the necessary outputs, and setting the necessary inputs 
(Gomes, Thule, Larsen, et al., 2018). The simulation 
follows a series of iterative steps until a termination 
condition is met, typically determined by the maximum 
timestep specified by the user. The procedural sequence 
can be described as follows: The COE initiates the 
simulation cycle by dispatching inputs to all FMUs. 
Subsequently, the COE retrieves the next time step from 
each FMU. Advancing the simulation, the COE 
progresses the state of each FMU's simulation to the 
minimum (earliest) time reported by the respective units. 
Finally, the COE consolidates the output data generated 
by all FMUs.  

Figure 7: Sequence diagram for co-simulation in Emergency 

evacuation planning 

BSIC used in co-sim process for structural integrity 
simulation is represented in Figure 8. It reflects a 
understanding of simulation model characteristics. It 
provides general information about the simulation model, 
such as its name, purpose, and the simulator employed for 
execution. Additionally, it covers details related to the 
modeling and behavior of the simulation model. The 
BSIC also encompasses variables and parameters that are 
necessary for the design of the simulation model. Finally, 
it presents the results obtained from the simulation model. 
Subsequently, the BSIC information is then integrated 
into simulation model for evacuation analysis. The latter 
is executed by developing Python code that establishes a 
comprehensive and integrated approach. This approach 
will accommodate the seismic activity and emergency 
evacuation scenarios within our model.  

Figure 8: BSIC for structural integrity simulator 

Attributes Description

General Information

Name of Simulation Model SeismicAnalysis_ETABS
Simulation purpose Earthquake analysis

Description
This simulation model serves the purpose of
providing information on the maximum stresses
occurring at a specified time and location 

Simulation run time Varies based on the complexity of the model 

Software/language used
ETABS (Extended Three-Dimensional Analysis
of Building Systems)

File format name
.e2k, .edb, .f2k, .exr, .DXF/.DWG, CIS/2, IFC, 
.igs, .stl, .obj, .xlsx, .docx, .accdb

Modelling Choice

Modelling Field Structural Engineering
Model dimension 2 rooms (20x30x11)
Applied Earthquake Loma Prietan1989

Time scale Time-dependent analysis capturing seismic
events

Behaviour

Behaviour specification Material nonlinearity, geometric nonlinearity,
and boundary condition nonlinearity considered

Analysis type
Dynamic Time-History Analysis for seismic
response

Internal Variables

Time History X and Y-direction

Base Shear X-direction  56Kips
Base Shear Y-direction 78Kips
Damping 0.5%
Parameters

Spectral Acceleration (X-dir) 0.78g

Spectral Acceleration (Y-dir) 0.75g

Concrete compressive strength  4000psi

Poission´s ratio  0.2
Results

Time of max response 5 sec
Fundamental time period 0.82sec
Design moment -52kips-ft(top), 27kip-ft(bottom)
Shear capacity 11.95kip
Moment at beam due to E.Q
loading

-53-3kip-ft

Moment at beam due to E.Q
loading

16.9 kip

Lateral displacement 
(allowable H/500)

0.26 in

Lateral displacement at E.Q
loading (X-dir)

0.6inch

Lateral displacement at E.Q
loading (Y-dir) 0.57inch

SeismicAnalysis_ETABS
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Agent-based simulation is employed to predict the 
evacuation of people within the building during a seismic 
event. Figure 9 illustrates thse flow of people towards the 
primary exit, also known as E.P1, at times t = 0 and t = 5 
sec. However, in the event of a structural failure occurring 
at evacuation point 1 at time t = 5 sec, the primary exit 
becomes obstructed by rubble. As a result, people will 
move towards E.P2, identified as the secondary exit. The 
figure illustrates that at t = 12 sec, all the occupants have 
evacuated the building safely. 
The dynamics of the evacuation rate, as derived from the 
data collected during the evacuation simulation, are 
depicted in Figure 10. Notably, the rate of evacuation 
increases significantly when a large number of people are 
at an evacuation point at the same time. In the observed 
time frame from t = 0 to t = 5 seconds, there is a noticeable 
upward trend in the cumulative departure of occupants 
from the building. 

Figure 10: Cumulative number of people leaving the building. 

Conversely, between t = 5 seconds and t = 9 seconds, a 
consistent evacuation rate is observed. This stabilization 
corresponds to occupants redirecting their movement 
towards E.P2 following the closure of E.P1. At t=12 
seconds, where the graph reaches its peak, all 20 
occupants have noticeably vacated the room. 
Figure 11 represents the concise BSIC version of the 
dynamic evacuation simulation model, summarizing 
crucial information about the simulator used, its inputs, 
and outputs. It provides a comprehensive understanding 
of the simulation process, including different attributes of 
simulation model. This BSIC will prove valuable in the 
iterative development of the structural integrity simulator 
and in designing additional simulation models for co-
simulation purposes. 

Figure 11: BSIC for emergency evacuation simulator 

Discussion 

To address the issues related to the combination of a 
specialized simulation model for information storage and 
sharing, we demonstrated the first proof of concept of 
BSIC. For conducting emergency evacuation simulations 
from a building in case of an earthquake, the provided 
proof of concept serves as a foundational framework for 
co-simulations. To improve emergency evacuation 
planning, integrating data from diverse simulations is 
imperative, e.g., understanding earthquake propagation, 
managing dynamic crowd flows during egress, and 

Attributes Description

General Information

Name of Simulation Model Dynamic_Evacuation
Simulation purpose Emergency evacuation 

Description
The simulation models the movement of 
people towards evacuation points 
considering room structures and obstacles.

Simulation run time 20 seconds
Software/language used  Python
Modelling Choice

Modelling Field Evacuation Planning
Model dimension 2 rooms (20x30)
Time scale Discrete
Behaviour

Analysis type Real-time Visualization

Evacuation Strategy Dynamic pathfinding based on real-time 
structural information.

Internal Variables

Description Instances representing individuals spped 
and obstacles in the simulation

No of structural component 
failure 1

Speed of occupants 3ft/s
Parameters

Name Room width, room length, no people, speed, 
total time

Description
Parameters defining the simulation 
environment, evacuation points, number of 
people, and speed

No. of occupants 20
No. of evacuation points 2
Model dimension 2 rooms (20x30x11)
Results

Time step 1 sec
Time of structural failure 5 sec
Evacuation Success Rate 100%
Total evacuation time 12 sec

Behaviour specification
Individuals exhibit dynamic movement, 
responding to room structures and obstacles, 
with a focus on reaching evacuation points.

BSIC: Dynamic_Evacuation
Figure 9: Emergency evacuation scenario w.r.t time. 
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creating building structure models are crucial 
components. Furthermore, emergency evacuation 
planning should consider assessing structural integrity 
during earthquakes, estimating evacuation time to prevent 
injuries and analyzing occupant movement patterns.  
In this study, we used a seismic analysis simulator to 
determine if the structure would fail during an evacuation 
due to earthquake loading. Then the data from the seismic 
analysis simulation model is integrated with an 
evacuation planning simulation model to understand the 
significance and usability of BSIC in combining diverse 
simulation models.  
The integration process between simulation models is 
executed manually, creating the challenge of automating 
the co-simulation process, which needs consideration. 
This includes the implementation of ETABS and the 
dynamic evacuation simulator as proper FMUs integrated 
into a COE, and the processing of inputs and outputs for 
seamless communication between the two simulators. An 
intricate issue in automating the process concerns the 
sequential aspects of simulation data. The ETABS 
simulator focuses on the structural time scale, whereas the 
dynamic evacuation simulator focuses on crowd behavior 
dynamics. Future studies will focus on running this co-
simulation process automatically. 
Furthermore, the integration between specialized 
simulation models not only highlights the interaction 
between seismic analysis and the evacuation planning 
simulation model but also emphasizes the practical 
application of BSIC in enhancing the understanding of the 
emergency evacuation planning process.  
BSIC outlined in Figure 8 and Figure 11 represents a 
limited understanding of Seismic analysis and evacuation 
planning simulation model properties. BSIC is used for 
classifying analysis modelling, including input/output 
parameters and quality expectations. A comprehensive 
BSIC at full scale will be developed in a future study. 

Conclusion 

Our study, focused on improving collaboration and 
integration among simulators for predictive simulation 
during emergency evacuation planning from buildings in 
earthquake scenarios, has yielded significant insights into 
co-simulation complexities. The efforts were put in place 
to answer the research question projected in the 
introduction.  
We first introduced and configured the concept of BSIC 
to facilitate the co-simulation process for independent 
simulation models. Then, we utilized BSIC for integrating 
specialized simulators into emergency evacuation 
prediction scenarios. Our study achieved significant 
progress by surpassing the limitations of individual 
simulators through the successful implementation of a 
standardized and shared vocabulary.  
We implemented BSIC in emergency evacuation 
predictions by standardizing model representation, 
ensuring an accurate representation of various factors 

from both seismic analysis and emergency evacuation 
simulation models.  
This addresses challenges related to a lack of common 
terminology and interface inconsistencies during the 
integration phase of a simulation model, whether 
performed manually or facilitated by software. Through 
standardized interfaces and frameworks, BSIC facilitates 
informed decision-making for design teams, enabling 
effective collaboration in the integration of seismic 
analysis and evacuation planning simulators. 
This research lays the foundation for future investigations, 
where we aim to further consolidate data from various 
simulation models, building upon the capabilities of BSIC 
to achieve a comprehensive understanding of the 
emergency evacuation planning process. In this regard, 
BIM will play a crucial role in emergency evacuation 
planning by facilitating realistic scenario modeling, 
aiding in the planning of evacuation routes, assessing 
potential damage, and effectively allocating resources 
(Stančík et al., 2018). BIM's ability to create a digital 
replica of real-world structures and environments, 
complete with intricate details, provides a strong 
foundation for disaster preparedness. In the next stage, our 
project focuses on how and in which way integration of 
BIM with specialized building simulators should be 
developed to use extensive datasets, offering insights into 
complex details related to structural integrity and 
evacuation planning. 
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Abstract

Buildings account for an estimated 35% of the UK’s total
greenhouse gas emissions. Assigning carbon data to 
building designs can aid contractors in sustainable 
material selection. Authoring inconsistencies in building 
data mean addition of environmental data is difficult and 
expensive. Machine learning enables classification of 
materials at a scale manual approaches cannot match. A 
machine learning approach is documented for classifying 
building products that enables automatic augmentation of 
environmental data from carbon databases. Our findings 
provide foundational research on automating data 
authoring, that can reduce costs and simplify processes 
associated with adding environmental assessment data to 
building designs.

Introduction

In June 2019, UK parliament made a legally binding 
commitment to bring all Greenhouse Gas (GHG) 
emissions in the UK to Net Zero by 2050 (Department for 
Business, Energy & Industrial Strategy, 2019). The 
construction sector is a major contributor to the UK’s 
carbon footprint and is responsible for 50% of all 
extracted materials and 35% of GHG emissions (Rogage 
et al., 2019). Construction activity accounts for around 
50m tonnes of CO2 emissions, over half of this is linked 
to construction products and materials (Government 
Commercial Function, 2022). Modern approaches to 
collecting information about buildings across the supply 
chain offer unprecedented data resources for analysing 
and improving processes. Building Information 
Modelling (BIM) is an established term within academia 
and across the sector that is defined as a process for 
collaborative processing and management of design and 
construction information (Tallet et al., 2021). Whilst in its 
essence BIM is an information management approach, it 
is more specifically associated with standardised schemas 
and classification systems that enable interoperability and 
automated data processing. Cavalliere et al. (2019) 
stressed carbon management in construction is becoming 
an increasing priority as buildings make up such a high 
percentage of GHG emissions. Frameworks such as the 
Leadership in Energy and Environmental Design (LEED) 
(2024) and Building Research Establishment 
Environmental Assessment Method (BREEAM) (2024) 
certifications, enable contractors to calculate and certify 
embodied carbon impact when selecting building

materials. Whilst calculating embodied carbon of 
buildings is not the aim of our research, our findings could 
link to existing frameworks such as LEED and BREEAM 
as part of the calculation method for the material selection 
process. Tools are needed that accurately classify 
materials within BIM and match them up to associated 
suitable carbon database items in order to optimise carbon 
management strategies (Cavalliere et al., 2019). 
Whilst several classification systems exist, often product 
material data is unclassified or classified using non-
standard approaches, making it difficult to automate 
assigning carbon information to products. This research 
explores a Machine Learning (ML) approach to address 
the problem of assigning carbon information to products. 
We seek to understand the potential for ML to accurately 
identify material descriptions in BIM data, so information 
from carbon databases can be automatically augmented to 
building products. Our developed approach uses text and 
sentiment analysis, and classification techniques in order 
to match BIM material descriptions with those found 
within carbon databases.  A comprehensive literature 
review of classification algorithms using BIM data and 
carbon management provides the foundation for 
developing the ML approach. We then select and evaluate 
a number of algorithms for classifying BIM data against 
carbon impact categories in the Inventory of Carbon 
Energy (ICE) (Circular Ecology, 2020) database. We 
propose a novel application of ML techniques for 
predicting and classifying incomplete or inaccurate BIM 
data. 
Related Work 

BIM has rapidly become an indispensable approach in 
AEC industries for creating digital representations of 
building designs (Basbagill, 2013). A BIM consists of any 
elements that represent assets within a building such as 
doors, windows, walls etc. Consistent and accurate 
classification of BIM elements including materials, 
remains an ongoing challenge for AEC professionals. 
Honic et al. (2019) found that inconsistent data and a lack 
of cooperation among different stakeholders, created a 
barrier to automation of data related to recycling of 
building materials. Manual classification of BIM 
elements can be time consuming, ineffective and create 
inconsistencies within data. An automated classification 
approach utilising ML could significantly enhance 
accuracy and efficiency when applied to element 
classification of BIM data.  
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Studies have highlighted ML’s utility for accurately 
classifying heritage buildings (Bassier et al., 2017), 
maintenance issues (McArthur et al., 2018), wall and door 
elements (Koo et al., 2021) and quantifying 
environmental impact assessments (Cavalliere et al., 
2019; Xu et al., 2022). Deep Learning (DL) is a 
subcategory of ML that uses historical experience as the 
basis for future predictions. DL specifically has shown 
promise as an accurate way of classifying complex BIM 
elements based on geometry (Koo et al., 2021; Rogage 
and Doukari, 2024). One area in which ML algorithms 
have been applied to BIM is in assessing embodied 
environmental impacts of building designs. Basbagill et 
al. (2013) and Cavalliere et al. (2019) offer examples of 
this application using Life Cycle Assessment (LCA), 
continuous BIM-based assessment and an automated 
LCA approach. Xu et al. (2022) proposed an innovative 
BIM-integrated LCA for prefabricated buildings as an 
automated way of performing the embodied carbon 
assessment process. All three studies demonstrate the 
potential of ML/BIM combination in mitigating 
environmental impacts while optimising building design 
performance. ML algorithms have also been successfully 
utilised with BIM for classification of maintenance issues 
and enhanced data collection, according to an approach 
devised by McCarthy et al. (2018) utilising ML 
visualisation techniques in BIM to classify issues while 
increasing data collection rates. Zabin et al. (2022) 
conducted an in-depth literature review pertaining to 
applications of ML to BIM projects and highlighted its 
capacity for automated quality control and error detection. 
Koo et al. (2021) introduced an automated approach for 
accurate classification of BIM elements using 3D 
geometric Deep Neural Networks (DNN) as walls and 
door elements. Rogage and Doukari (2024), further 
demonstrate use of 3D geometric DNN for classifying a 
further range of products. These studies demonstrate the 
promise of ML with BIM for improving accuracy and 
efficiency of classification of elements within BIM. 
However, consideration must be made regarding possible 
challenges or restrictions associated with its usage; 
including issues surrounding data quality, privacy 
concerns and interpretability (Zabin et al., 2022). 
Recurrent Neural Networks 

Here we consider ML models for classifying BIM data. 
Recurrent Neural Networks (RNN) are a type of artificial 
neural network that use layers to process data. RNN with 
Long Short-Term Memory (LSTM) architecture 
comprises three layers: input; recurrent; and output 
(Nosouhian et al., 2021). RNN input layers (shown on the 
left of figure 1) accept input sequences such as time series 
data or natural language text as vectors; then feed these 
vectors one at a time into their networks for processing. A 
type of RNN called LSTM units can store long-term 
memory, which enables them to comprehend text 
sequences better by capturing context and semantics 
(Kaur and Mohta, 2019). An RNN's recurrent layer serves 
to maintain its memory of previous inputs and generates 

outputs based on each cell taking an input and producing 
an output, along with updating their hidden state, each 
time step based on current and previous hidden states - 
thus giving rise to RNNs' ability to recall past data inputs 
(Kaur and Mohta, 2019). Within each layer are nodes or 
neurons, represented by circles in figure 1, which perform 
simple operations and pass signals to other neurons. 
Connections between neurons are represented by lines, 
the strength of connections determined by weights. 
Signals travel through the network from left to right via 
these weighted connections. As data passes through each 
layer, the network learns patterns and extracts meaningful 
features. An RNN's output layer (shown on the right of 
figure 1) takes the final hidden state from its recurrent 
layer and generates its output; it could take the form of 
either a simple feedforward layer, or it could employ 
complex features like softmax layers for classification 
tasks (Nosouhian et al., 2021). This output produces the 
network's predictions or classifications based on what it 
has learned. In many applications, neural networks 
contain multiple hidden layers to solve increasingly 
complex problems. The number and arrangement of 
layers and neurons can be modified to suit different tasks. 
One of the primary strengths of RNNs lies in their 
capacity to handle variable-length data sequences 
efficiently, due to using identical weights across time 
steps of sequence processing allowing it to process 
sequences of various lengths without disrupting operation 
of the network. 

Figure 1: Deep Learning architecture (Badhan et al, 2024) 

Figure 2 demonstrates how RNNs process sequential data. 
RNNs are commonly used for natural language 
processing tasks where the order of inputs is important, 
such as text classification. We can think of this grid as 
representing a sequence of inputs an RNN would read, 
from left to right and top to bottom. Each cell contains a 
token or word from the sequence. As the RNN processes 
each step, it considers both current input and information 
from the previous step, represented by the cell to the left. 
This looping, recurrent structure allows RNNs to connect 
previous information to later inputs in a sequence. The 
network develops an internal state capturing features of 
the entire sequence processed so far which is passed from 
each cell to the next. By reading the sequence from this 
grid in order, an RNN would build up understanding of 
word patterns and relationships over multiple time steps. 
This visualisation conveys how RNNs can process 
variable-length sequential data by sharing parameters 
across every step. The 2D array representation provides a 
simple way to conceptualise how RNNs flow information 
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through a network from start to end of a sequence, 
capturing context at each point to help classify or generate 
sequential outputs.  

Figure 2: RNN architecture (Nagesh, 2020) 

Naive Bayes 

Naive Bayes methods are a set of supervised learning 
algorithms based on applying Bayes’ theorem with the 
“naive” assumption of conditional independence between 
every pair of features given the value of the class variable 
(Qiang, 2010). Naive Bayes is a probabilistic 
classification algorithm that calculates the probability of 
an instance belonging to a class based on the probabilities 
of its features. It uses Bayes' theorem: 

𝑃(𝑦|𝑥) =
(𝑃(𝑥|𝑦)  𝑃(𝑦))

𝑃(𝑥)
(1) 

Where: 
P(y|x) is the probability of class y given the features x. 
P(x|y) is the probability of features x given class y. 
P(y) is the prior probability of class y. 
P(x) is the probability of features x. 
Naive Bayes estimates probabilities P(x|y) and P(y) from 
a training dataset. During prediction, it calculates the 
probability of each class label for a new instance and 
assigns it to the class with the highest probability. The 
model assumes features are independent, meaning the 
presence or absence of one feature does not affect the 
presence or absence of others. This assumption simplifies 
calculations and allows the model to handle high-
dimensional feature spaces efficiently. Despite its 
simplicity, naive Bayes performs well in text 
classification tasks, such as spam detection and sentiment 
analysis. It is computationally efficient and can handle 
large datasets. However, it may not perform well when the 
independence assumption is violated or when there is a 
lack of sufficient training data. 
Random Forest 

Random Forest is an ensemble learning method that 
combines multiple decision trees to make predictions 
(Wang and Wang, 2021). It randomly selects subsets of 
training data and features to train each tree. The final 
prediction is made by aggregating predictions of all trees, 
either through majority voting for classification or 
averaging for regression to improve prediction 
performance. The algorithm is illustrated by creating 
multiple decision trees, each trained on different subsets 
of data and features, and then combining their predictions. 
Random Forest is widely used for its effectiveness and 
ability to handle high-dimensional datasets. 
Figure 3 shows three decision trees each making 
independent classifications. Branches of Decision Tree-1 

and Decision Tree-2 represent two individual decision 
trees classifying an input sample and arrive at a "Result". 
These predictions are combined through majority voting. 
Majority voting is the process of having each tree "vote" 
for a class and selecting the class receiving the most votes 
overall. This aggregation helps to reduce variance and 
prevent overfitting compared to a single decision tree. By 
growing many decision trees on randomly sampled 
subsets of training data and combining their results, 
Random Forests are able to capture relationships any 
individual tree may miss. This ensemble approach 
typically yields better generalisation performance than a 
single estimator. This ensemble technique is effective for 
both classification and regression tasks. 

Figure 3: Random Forest structure (Zhu and Spachos, 2021) 

Simulation and Experiment

Methodology

The data science pipeline and methodology is shown in 
figure 4. This approach involves selecting data, then 
cleansing and preparing data using feature extraction with 
consideration to the model to be employed. Data 
exploration precedes model construction to comprehend 
the significance of various features, the relationships 
among features, data distribution patterns and hypotheses 
formulated about them. A model is then built with the aim 
of producing inferences or future event predictions from 
it or discovering a "root cause" behind an already 
observed event; its results are then assessed and presented 
upon evaluation.

Figure 4: Machine Learning workflow (Muhammad, 2022) 

Data Sources 

The first data source contains approximately 10,000 
material descriptions extracted from the ICE database 
(Circular Ecology, 2020). These include detailed 
information on embodied carbon and energy of various 
construction materials, reflecting their significant 
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influence in the construction industry. The second data 
source encompasses BIM data, including labels and 
classifications for different building products. The ICE 
database was selected for its comprehensive coverage and 
credibility in documenting embodied carbon and energy 
of construction products. This dataset is split into two 
parts: one containing detailed material descriptions, and 
the other consisting of material names or labels. Material 
descriptions provide extensive information about each 
building material, including its embodied carbon, which 
is crucial for the analysis. 
Exploring the Data 

Data exploration began with data cleaning and 
preparation. The BIM dataset comprised 11,488 rows 
with four columns covering Family, IFC Type, Material 
Types and categories such as "ICE Category” (this is the 
category the model will predict to automate the mapping 
of BIM data directly into the ICE database). Table 1 
provides a dataset sample. After a preliminary study of the 
data, it became apparent two columns: Family and IFC 
Type; were not relevant because they are both classified 
in generic terms which are applicable to all material that 
falls under the general family representation respectively, 
so they were removed from the dataset entirely leaving 
only the Material and ICE Category columns. 

Table 1: Sample data from the BIM dataset 

IFC Type Material ICE 
category 

ICE 
Material 

Air Terminal Air Terminal - 
Diffuser Body 

NaN NaN 

Air Terminal Air Terminal - 
Perforated Plate 

NaN NaN 

Air Terminal Aluminium - 
Koolair 

Aluminium NaN 

Air Terminal Aluminium Aluminium NaN 

Air Terminal Anodised 
Aluminium - 
Koolair 

Aluminium NaN 

Further visualisation of the data (figure 5) revealed an 
uneven distribution of building materials. More 
specifically, certain samples had significantly more 
entries than others indicating an uneven representation in 
the data and potentially leading to biased predictions and 
reduced accuracy when training ML models. To address 
this challenge, data balancing was employed; an approach 
in which samples from each category are adjusted to 
create an even distribution for more accurate predictions 
through ML models trained on representative samples of 
data. There are various strategies available for balancing 
data, including oversampling and undersampling (Bonatti 
and Kirrane, 2019). Oversampling involves increasing the 
sample population from minority classes while 

undersampling involves decreasing it; both strategies aim 
to achieve an even distribution across categories. This 
study used oversampling, specifically the Synthetic 
Minority Over-sampling Technique (SMOTE), to balance 
data (Chu et al., 2016). SMOTE involves creating 
artificial samples in minority classes by interpolation 
among existing ones; thus ensuring each minority class 
receives enough samples, leading to more balanced 
distribution of data. By using SMOTE to balance data, the 
model was then trained on a more balanced distribution of 
materials within the dataset for more accurate predictions 
and vital insights for sustainable building practices. 

Figure 5: Dataset Distribution 

A Bag of Words function was introduced to search and 
verify the presence of specific materials in the database, 
offering insights into their carbon footprints. This method 
represents each document as a vector of word frequencies, 
without regard to order or structure of words (Anello, 
2021). This serves as indicators for classification of 
building materials, assisting in the ML process for 
accurate categorization and analysis. Use of these datasets 
allows for a detailed examination and understanding of 
the relationship between material properties and their 
environmental impact. This concluded the data 
preparation and manipulation stage ready for the final 
stage of training the model.  
Model Development 

The ML model was developed using three algorithms: 
RNN with LSTM, Random Forest, and naive Bayes. The 
combination of these algorithms offers a comprehensive 
approach to the classification of building materials, 
leveraging strengths of each to enhance overall 
effectiveness and reliability of the model in classifying 
building materials based on their carbon impact, as per the 
ICE recommendations. 
Model Training 

In this project, a common technique for training network 
parameters and performing classification was employed: 
splitting available data sets 80/20 on a train/test split. This 
strategy is known as train-test split and commonly utilised 
within ML to assess model performance. At this phase of 
training, the model was trained on its training set by using 
an optimization algorithm to adjust network parameters 
and minimise its loss function. Alpaydin (2020) defines 
loss function as measuring the difference between 
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predicted output of the model and actual output and an 
optimization algorithm can adjust these network 
parameters so as to decrease this difference as much as 
possible. Once the model is trained and evaluated on its 
test set, the next stage is to improve the model.  Cross-
validation is used for measuring generalisation ability, 
testing the model on new data allows for a more accurate 
representation of its performance on unseen sets of 
information and provides an opportunity to improve the 
model. Hyperparameter tuning was conducted to improve 
the Random Forest classifier model. The number of 
estimators was set to 400, and the criterion for measuring 
the quality of a split was chosen as "entropy". The random 
state was also fixed to ensure reproducibility of results. 
This careful selection of hyperparameters aims to 
optimise the model's performance by adjusting its 
complexity and learning capacity. For the Bidirectional 
LSTM model, specific architecture choices such as 
embedding dimension, number of LSTM units (16), and 
use of dropout for regularization indicate a tuning process 
aimed at balancing model capacity with the need to avoid 
overfitting. While the description doesn't detail an 
iterative search over a range of values, these choices 
reflect considerations typical in model tuning, focusing on 
optimising the network's structure for the task at hand. 
The metrics used to evaluate the accuracy and 
completeness of the model’s predictions are Precision,
Recall, and F1 Score.
Precision is the ratio of true positives (correct 
predictions) to the total number of positive predictions. It 
measures how precise the model is in identifying relevant 
cases. A high precision means that the model has a low 
rate of false positives (incorrect predictions).
Recall is the ratio of true positives to the total number of 
actual positive cases. It measures how well the model can 
recall or retrieve all relevant cases. A high recall means 
the model has a low rate of false negatives (missed 
predictions).
F1 Score is the harmonic mean of precision and recall. It 
balances both metrics and gives a single score that reflects 
overall performance of the model. A high F1 score means 
the model has both high precision and high recall. From 
table 2, Random Forest model has the highest scores 
across all metrics at 99%. This means the Random Forest 
model is the most accurate and complete in its predictions, 
compared to the other two models. Both naive Bayes and 
RNN have a Precision of 98%, Recall of 97%, and an F1 
Score of 97%. These scores are slightly lower than the 
Random Forest model, but still very high and impressive.

Discussion and result analysis

Multiple experiments using the RNN (LSTM), naive 
Bayes, and Random Forest models to classify building 
materials into various ICE categories were conducted. 
Training the model involved using datasets of building 
material data before testing its performance on test sets. A 
subset of building material data were manually classified 
with corresponding ICE categories before comparing

accuracy between each classification method. Results of 
the experiment demonstrated high levels of accuracy on 
their test sets, achieving 97%, 98.38%, and 99.59% (See 
table 2) respectively. During data preprocessing, the 
dataset was simplified by removing columns ('IFC Type', 
'Family', 'ICE Material') not directly relevant to the 
primary goal of predicting the 'ICE Category' from the 
'Material' description. This decision represents a targeted 
form of feature selection, focusing the model's learning on 
the most relevant data available. The strategy adopted for 
imputation was straightforward yet effective: rows with 
missing 'ICE Category' values, which are critical for 
supervised learning, were dropped. This approach ensures 
the models are trained on complete records, enhancing the 
reliability of their predictions. However, it's important to 
note that this method of handling missing values might 
not be suitable for datasets where such omissions could 
lead to significant loss of valuable information. In those 
cases, more sophisticated imputation techniques might be 
necessary. It is crucial to note that these results, while 
promising, require further validation to ensure their 
reliability and applicability in real-world scenarios. The 
comparison with manual classification methods, although 
indicative of potential efficiency gains, should not 
overshadow the importance of accurate and safe 
classification of building materials. Table 2 shows how 
each model performed using different evaluation metrics. 

Table 2: Model comparison Between Random Forest, naive 

Bayes and RNN results 

Precision Recall F1 Score 

Random Forest 99% 99% 99% 

Naive Bayes 98% 97% 98% 

RNN 98% 97% 97% 

Table 3 shows the first 5 rows of materials predicted using 
the RNN model. This means that the RNN model has 
successfully classified the building materials in the ICE 
Category based on what the model understands from the 
training dataset. This was the first model developed, while 
it successfully predicted the materials, the accuracy of its 
prediction could not be confirmed as this model does not 
suppose the confidence level measure. 

Table 3: RNN Prediction 

Material ICE Category 

Air Terminal - Diffuser Body Air 

Air Terminal - Perforated Plate Air 

ConnectorSolidMaterial Concrete 

Duct_Afkast Steel 

Duct_Udsugning Brass 
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Table 4 shows the first 5 rows of predictions with their 
confidence level by the naive Bayes model. The results 
show the model has classified some materials such as “Air 
Terminal - Diffuser Body” and “Air Terminal - Perforated 
Plate” under the “Air” category correctly, with high 
confidence levels of 18.05 and 17.53 respectively. 
However, the model has made errors, such as classifying 
“Connector/Solid/Material” and “Duct_Lining/lining” as 
“Linoleum”, with low confidence levels of 3.43 each. 
These materials are likely made of metal or plastic, not 
linoleum, which is a type of flooring material. Similarly, 
“Duct_Airseal” is categorised as “Steel” with a 
confidence level of 9.05, which may not be accurate if the 
duct is made of another material.  

In ML, confidence level is a measure of how likely a 
prediction is to be correct. It is usually expressed as a 
percentage between 0 and 100, where higher values 
indicate higher confidence. In the case of the naive Bayes 
prediction in table 4, where the model predicts that a 
building material belongs to the “Air” category with a 
confidence level of 18.05, it means that the model got 
18.05% vote after splitting the total available percentage 
to the possible materials, materials with the highest vote 
gets predicted and the higher the percentage the better 
chance of the prediction being accurate (Srivastava et al., 
2018). 

Table 4: Naive Bayes prediction 

Material ICE 
Category 

Confidence 
Level 

Air Terminal - Diffuser Body Air 18.05% 

Air Terminal - Perforated Plate Air 17.53% 

ConnectorSolidMaterial Linoleum 3.43% 

Duct_Afkast Steel 9.05% 

Duct_Udsugning Linoleum 3.43 

Table 5 below also depicts the first 5 rows of material 
predictions and their confidence level by the Random 
Forest model. This model performs best although with 1% 
margin, and higher confidence level out of the models 
explored. The confidence level is calculated by taking the 
proportion of votes from the decision trees that agree on 
the same label. For example, if 100 trees are in the forest, 
and 96 of them vote for the “Air” category for the “Air 
Terminal - Perforated Plate” material, then the confidence 
level is 96/100 = 0.96 or 96%. 

Table 5: Random Forest prediction 

Material ICE 
Category 

Confidence 
Level 

Air Terminal - Diffuser Body Air 99.25% 

Air Terminal - Perforated Plate Air 96.00% 

ConnectorSolidMaterial Concrete 69.75% 

Duct_Afkast Steel 89.00% 

Duct_Udsugning Steel 77.75%

The models demonstrated impressive performance 
because of the focused feature set. By concentrating on 
the 'Material' descriptions as the primary input feature and 
carefully preprocessing this text, the models could learn 
effectively from the most relevant data. Also, by 
addressing class imbalance through resampling 
techniques such as SMOTE or direct resampling helped 
mitigate biases and improve model performance across 
less represented categories. Finally, optimised model 
configurations including deliberate setting of 
hyperparameters and model architecture choices, such as 
number of estimators in the Random Forest and structure 
of the LSTM network, contributed to the fine-tuning of 
each model's ability to capture the nuances of the dataset.

Conclusions

The contribution of this project lies in its exploration of 
ML techniques for automating classification of building 
data with carbon information. Whilst LCA tools and 
frameworks enable the calculation of embodied carbon, 
they rely on parametric modelling for environmental 
assessment, however, its application within BIM has been 
relatively underutilised and, more importantly, does not 
exist within commercial software packages used in BIM 
(Alwan et al., 2021). In the absence of this data, we offer 
an automated technique for classifying BIM products so 
that environmental assessment data within carbon 
inventory databases can be augmented to models, thus 
removing the need for authors to manually generate this 
data at design stages.
Our approach offers a foundation upon which further 
research can develop model accuracy and further validate 
the results. It demonstrates the potential of ML in 
automating classification tasks, which could lead to 
significant productivity gains in the construction industry. 
However, we acknowledge that our results are a 
preliminary step in this direction and that further research 
is needed to refine these techniques, improve accuracy, 
and fully realise their potential. Future research in this 
area should focus on enhancing the validation processes 
for ML models in construction, ensuring that they not only 
achieve high accuracy in controlled tests but also maintain 
this accuracy in practical applications. Further work is
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also required to investigate the integration of additional 
variables and data sources to enrich the models and 
capture a more comprehensive range of factors affecting 
building material classification. By advancing these 
aspects, subsequent studies can build upon our findings, 
contributing further to the knowledge and application of 
ML in construction and ensuring that the transition 
towards automated processes prioritises safety, accuracy, 
and reliability. 
Limitations and Further Recommendations 

Although this project demonstrated the efficiency of using 
ML to classify building materials into different ICE 
categories, some limitations must be acknowledged 
within its research design. Performing the study on a 
larger dataset would improve generalisability and make 
networks more resilient against fluctuations. Additionally 
the quality of data used for training and testing the ML 
models could be improved. Accuracy depends heavily on 
input quality; any errors or inconsistencies could 
compromise network performance significantly.  
This study concentrated on classifying building materials 
based on their carbon impacts according to ICE. While 
this approach is instrumental in understanding and 
mitigating the environmental footprint of construction 
materials, it's important to acknowledge that this focus on 
carbon impacts alone presents certain limitations. For 
instance, the classification does not account for other 
environmental aspects such as the life cycle impacts of 
materials beyond carbon emissions, which can also be 
significant in sustainable construction practices. Future 
studies might expand the scope to include a more holistic 
environmental assessment of building materials, 
encompassing a broader range of environmental metrics 
beyond just carbon impacts.  
It is also recognised that our proof of concept prototype 
solution utilised the UK based ICE database for linking 
product data to carbon calculations via materials. The 
embodied carbon coefficients of building materials, vary 
from country to country. To address this, further 
validation is required to assess the generalisability of the 
solution on databases focusing on other countries such as 
Öekobaudat (Federal Institute for Building, Urban and 
Spatial Research, 2024), Gabi (Sphera, 2024) and 
Bauteilkatalog (2024).  

Future Work 

Future work could include expanding the study to cover 
other properties of building materials such as durability, 
strength and cost. Several other ML techniques can also 
be evaluated in order to determine which algorithm best 
predicts the materials. By employing ML techniques to 
predict these characteristics of materials used in 
construction projects, more informed decisions could be 
made regarding selection and usage for more sustainable 
and cost-effective outcomes. More research could also 
focus on creating ML models specifically tailored for 
sustainability in construction industry applications, by 

including sustainability criteria into ML model 
development processes.
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Abstract 

The Request for Information (RFI) is a vital 
communication tool in construction projects, aiding teams 
in addressing queries and navigating challenges. 
Unstructured RFIs hinder manual analysis for extracting 
hidden knowledge. Prior research in RFI analysis 
employed NLP and text clustering and often relied on a 
single clustering method. This paper performs a 
comparative analysis using diverse clustering methods 
(LDA, NMF, and K-means) and visualization techniques 
to determine the most suitable methods. The study offers 
project managers and quality engineers an effective tool 
for extracting hidden knowledge in RFI.  

Introduction 
The construction industry heavily relies on efficient 
information management throughout the project lifecycle, 
generating a substantial volume of information in various 
formats (Al Qady and Kandil, 2014). Approximately 80% 
of corporate information is embedded in project 
documents, and challenges arise as professionals spend 
considerable time searching for and reading documents 
(Abbaszadegan and Grau, 2015). Insufficient information 
or delays in information exchange can lead to significant 
issues at construction sites (Abdirad et al., 2022). 

Manual knowledge extraction from text documents is 
time-consuming and error-prone (Khuzaimah and 
Hassan, 2012), prompting researchers to adopt advanced 
Natural Language Processing (NLP) and text mining 
techniques, including sentiment analysis, semantic 
analysis, and clustering methods (Afzal et al., 2023; Jallan 
et al., 2019; Gheeseewan and Pudaruth, 2020). 

In compliance and quality assurance, the Request for 
Information (RFI) document is a crucial text document in 
construction. It serves as a performance indicator and is 
analyzed conventionally through manual methods or text 
mining to extract insights and lessons learned (Herrera et 
al., 2019; Kim et al., 2022). Extracting insights and 
lessons learned from RFIs facilitates the early 
identification of potential issues, project uncertainties, 
and risks (Lee and Yi, 2017), allowing for timely 
corrective actions to be implemented in the early stages. 
Moreover, uncovering hidden information within RFIs 
enables the identification of the root cause of 
nonconformance. In the literature, Koc et al. (2024) have 
investigated the impact of non-conformities on project 
costs using machine learning methodologies. Similarly, 
the envisioned approach in this study is to extract insights 
from RFIs and utilize them to predict potential non-
conformities for corrective and preventive action 
development. This approach fosters a culture of quality 

and compliance while mitigating reworks over time. 
Clustering the RFI texts to determine topics is the first 
step for utilizing RFI to predict unconformity and uncover 
hidden information within RFI texts. Exploring the 
effectiveness of various text topic modeling algorithms is 
crucial due to the unique characteristics of RFI texts. For 
instance, RFIs and responses, typically one to seven pages 
long and containing 20 to 5000 words, may be stored in 
unstructured format within a CDE. These texts often 
contain a mix of uppercase and lowercase letters, spelling 
errors, abbreviations, and inconsistent terminology (such 
as "frame" versus "beam" or "drawing" versus "CAD"), 
necessitating preprocessing techniques. Given their 
intricate details, RFI texts require micro-level clustering 
focus. 

While some publications focus on text clustering and 
visualization techniques for RFIs (Lee and Yi, 2017; 
Afzal et al., 2023), they have utilized a single clustering 
method, lacking a comparison with other methods and 
determining the preferred visualization technique for 
experts. To address these gaps, this paper performs a 
comparative term analysis of RFI text using various 
clustering methods, namely Latent Dirichlet Allocation 
(LDA), Non-negative Matrix Factorization (NMF), and 
K-means, and visualization techniques (i.e., pyLDAvis,
scatter plots, word cloud, and bar charts). The study
involves expert interviews to determine the most suitable
clustering and visualization methods for RFI clustering
analysis. The research contributes to the limited
comparative studies on text clustering and visualization of
RFIs, offering a valuable tool for project managers to
grasp RFI status.

Literature Review 
Text-based data clustering methods are important for 
diverse applications in the construction industry. 
Moreover, text mining plays a crucial role in the quality 
management of construction engineering, involving tasks 
such as text cleaning, text segmentation, and semantic 
network analysis on unstructured data within text 
collections (Wang et al., 2018). The construction sector 
benefits from the interactive utilization of user-centric 
dictionaries, sentiment analysis based on word clusters, 
and the automated extraction and clustering of relevant 
terms for dictionary generation (Kohita et al., 2020; 
Alshari et al., 2020). These approaches ensure the 
construction industry’s access to comprehensive and 
industry-specific term dictionaries, facilitating effective 
text analytics and knowledge management.  

RFI texts, rich in information about project history and 
design functionality, offer detailed insights into potential 
quality issues in the construction site, allowing for a 
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comprehensive focus on field operations. Traditionally, 
extracting insights from RFIs involved manual data 
mining and content analysis (Bhat et al., 2017; Afzal et 
al., 2023). Several studies in the literature focus on 
classifying RFIs. Dantas Filho et al. (2016) revised 
constructability concerns for evaluating RFIs in 
residential projects, introducing categories such as Design 
Correction, Divergence of Information, Design Change, 
Design Failure, Validation Information, and Design 
Verification. Morales et al. (2022) analyzed 2690 RFIs 
from 17 projects using statistical classification methods to 
associate RFIs with BIM usage. The RFIs were classified, 
such as alternative design solutions, approvals, 
clarifications of information, and other categories. 
Subclassifications include conflict RFIs, incorrect RFIs, 
insufficient RFIs, and questionable RFIs. Ham and Yuh 
(2023) used 872 BIM RFIs to classify them based on their 
purpose across four completed projects and 12 
construction sites. 

However, existing studies generally focus on the manual 
classification of RFIs, and a limited number of studies 
have concentrated on extracting important terms from 
RFIs via text clustering methods (Lee and Yi, 2017; Afzal 
et al., 2023). Lee and Yi (2017) used topic modeling to 
predict uncertainty in RFIs, focusing on the pre-bidding 
stage. Yet, this study did not consider the construction 
phase, although numerous RFIs are typically created as 
projects progress. Afzal et al.’s (2023) study proposes an 
innovative approach using the LDA algorithm to extract 
patterns from RFIs, offering valuable insights for the 
construction industry but lacking a critical comparison of 
clustering and visualization techniques. 

LDA is an unsupervised generative probabilistic model 
commonly used for text topic modeling for uncovering 
hidden topics within a collection of text documents 
(Buntine et al., 2004; Lee and Yi, 2017; Afzal et al., 
2023). LDA was used for text clustering in annual reports 
of construction companies (Jagannathan et al., 2022), 
focusing on macro-level clustering to identify key 
concerns related to understanding corporate and industry 
strategies. Lai and Konstanta (2019) also investigated job 
descriptions, which are relatively short, for building 
permits using LDA. In another study, LDA was used for 
clustering on-site inspection text, and this data is entered 
within constrained timeframes of on-site inspections, thus 
including typos and variations in upper/lower case (Lin et 
al., 2020). Lastly, construction-defect litigation cases 
were clustered using LDA, and in this type of text, many 
words are used interchangeably, for example, grading 
versus slope (Jallan et al., 2019). 

On the other hand, NMF is a linear algebraic model. 
Unlike other topic modeling approaches, NMF utilizes 
matrix factorization and multivariate analysis to generate 
coefficients rather than probabilities for each word, 
associating them with specific topics (Naik, 2016; 
Jagannathan et al., 2022). NMF effectively reduces the 
dimensionality of large datasets by finding a low-rank 
approximation of the original data matrix, capturing 
essential features while discarding noise and irrelevant 
information (Lee et al., 2012). However, NMF works 

better with shorter texts, such as tweets or titles, and 
smaller datasets (Egger and Yu, 2022). Previous studies 
in non-construction contexts, particularly analyzing large 
text streams and review data, have demonstrated varying 
performance between LDA and NMF, with one algorithm 
often outperforming the other (George and Vasudevan, 
2020).  

K-Means is another unsupervised learning algorithm that
groups data into n clusters with equal variance by
minimizing the inertia or sum-of-squares within each
cluster (Wu, 2012). K-means efficiently process large
datasets by grouping data points into clusters based on
similarities (Farhang, 2017). However, the initial
selection of cluster centers in advance can impact the
outcome (Rana et al., 2011). Additionally, K-means are
sensitive to noise and outliers, potentially compromising
clustering accuracy (Kaur & Aggarwal, 2017). In the
literature, Liu et al. (2021) investigated the reasons for
pipeline incidents and contributory factors using the K-
means clustering method.

Application of text mining and visualization techniques, 
including sentiment analysis, semantic analysis, content 
analysis, and clustering methods, is crucial for unlocking 
insights and analyzing construction issues in RFI 
documents. These techniques extract meaningful 
knowledge from unstructured data, providing valuable 
insights for addressing construction challenges. However, 
previous studies have not determined which of these 
methods is the most suitable for analyzing RFI texts.   

Methodology 

Data Collection and Pre-Processing 

The project’s unique characteristics and phases (i.e., pre-
bid, design, or under construction) can significantly alter 
the terms and topics within RFI texts. Using a common 
RFI dataset from various project types might lead to 
overlooking project-specific hidden information. 
Therefore, this study analyzed the RFI documents of a 
single project, which is an airport project. The RFIs were 
retrieved from a common data environment (CDE), which 
has streamlined the RFI handling process by enabling 
online communication and ensuring tracked information 
(Afzal et al., 2023).  

During the data preparation phase, if an RFI conveyed 
multiple topics, these were treated as separate data 
instances (i.e., RFI texts); for example, a clarification 
topic might be observed at multiple points in a structure 
but communicated through a single RFI. Each 
clarification point is treated as an individual RFI text in 
this case. Additionally, an RFI should be evaluated in 
conjunction with its responses, as submitting an RFI 
triggers opinions and additional inquiries from multiple 
parties, and the responses should provide information 
about the RFI topic. A subject stored as 4-5 distinct RFI 
documents in CDE was considered a single RFI text to 
maintain the RFI context. Consequently, 288 RFI texts 
were extracted, representing different disciplines and 
locations within the structure. A similar number of RFI 
documents (243 RFI data) were analyzed in another study 
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(Lee and Yi, 2017).  To ensure the extraction of pertinent 
and meaningful information from the RFI dataset while 
minimizing irrelevant or confounding data, the following 
pre-processing steps were employed: (1) lowering case, 
(2) removing punctuation, (3) stop words removal, (4)
filtering out alphanumerical patterns, (5) removing
currency symbols, (6) copyright symbols removal, (7)
tokenization, and (8) lemmatization.

Text Topic Clustering 

Despite preprocessing efforts, not all obtained words 
(terms) hold equal significance on the RFI topic. 
Therefore, to prioritize terms based on their weights, the 
“Term Frequency-Inverse Document Frequency” (TF-
IDF) stands out as the most representative weighting 
method for word prioritization (McArthur et al., 2018). 
TF-IDF considers the frequency of words across different 
documents and their frequency within each document. If 
a word occurs frequently in a document but is rare in the 
general collection, its importance within the document 
increases (Christopher et al., 2008). This situation forms 
the basis for using TF-IDF to reduce common words, 
focus on significant terms that differentiate documents 
from others, and extract key terms based on TF-IDF 
scores. Then, RFI texts were transformed into a TF-IDF 
matrix. Subsequently, this TF-IDF matrix is processed 
using four different clustering algorithms, and distinct key 
terms are identified. 

Evaluation of Topic Clusters and Visualization 
Techniques 

Identifying themes for each topic involves subjective 
human interpretations, necessitating domain knowledge 
from the building and construction industry (Lai and 
Kontokosta, 2019). To highlight the importance of 
domain experts, Lai and Kontokosta (2019) stated that 
they plan to gather a panel of experts, including architects 
and contractors, to further validate the topic model. 
Therefore, the efficacy of clustering methods and 
visualization techniques for complex RFI data analysis 
was assessed through expert evaluation by three quality 
engineers with over five years of experience. The 
following question was posed to the experts, “How 
successful are text clustering algorithms’ outputs in 
understanding an RFI text’s content (topic) and 
determining the keywords that reveal its content?”. 
Similar questions are included in measurement tools, such 
as The Usability, Satisfaction, and Ease of Use (USE) and 
The System Usability Scale (SUS), which are commonly 
used in assessment of prototype, process, and model 
evaluation studies (Lund, 2001; Brooke, 1996). Results 
from each algorithm were evaluated on a 5-point Likert 
scale, ranging from most to least useful, practical, and 
applicable (i.e., successful). 

Additionally, engineers were presented with visualization 
techniques tailored to each algorithm’s output, rated on a 
5-point Likert scale. This comprehensive approach 
identified the most advantageous clustering methods and 
visualization techniques for analyzing RFI texts.  

Findings 
All clustering algorithms were applied to the same 
dataset, forming 10 clusters with 20 distinct key terms. 
The researchers systematically named the topics to 
enhance clarity and facilitate interpretation. Tables 1-3 
briefly list these keywords into topic clusters. 

Within the framework of these three distinct clustering 
methods, certain pivotal keywords have undergone 
encryption due to privacy issues. This encryption is 
necessary because it includes project names, places, 
people involved, and contract details. For reference, this 
encryption scheme adheres to the following mapping: A*: 
(5 characters), B*: (5 characters), C*: (5 characters), D*: 
(6 characters), E*: (7 characters), F*: (8 characters), G*: 
(5 characters). Additionally, words with two or three 
characters have been included in the analysis. These short 
words hold significance for experts involved in the project 
and dealing with RFIs, serving as a distinctive feature of 
a known phenomenon within the project. 

Evaluation of LDA Clusters 

LDA is a probabilistic model where each word in a 
specific document can be associated with multiple topics. 
LDA considers each document a mixture of different 
topics and assumes that each word has a probability 
distribution among the topics in the document. Therefore, 
a word can be associated with multiple topics. The list of 
the 10 topic sets was obtained from the LDA model in 
Table 1 and the top 20 keywords with the highest weights 
that characterize each topic. 
Table 1: Partial List of RFI Topics in LDA Clustering Method 
Topic Keywords 

0 detail, attach, beam, see, column, connection, level, 
information, lift, steel 

1 subrfi, rfi, A*, date, doc, response, damper, fire, 
room, rficir 

2 ceiling, type, bracket, shutter, roller, camera, height, 
case, width, custom 

3 
lock, door, cut, provision, button, require, room, 
water, out, contact 

4 
door, schedule, use, cylinder, requirement, fire, 
confirm, attach, lock, handle 

5 
fire, report, foundation, contractor, stair, document, 
structural, provide, wall, include 

6 
change, rfi, frame, relate, B*, instruct, prab, draw, 
acm, core 

7 
lamella, sensor, dual, bliptrack, wifisensor, gate, 
strip, lift, type, installation 

8 comment, mount, request, draw, area, equipment, 
revise, elevation, update, change 

9 
prab, show, acm, connection, sounder, design, 
accord, heating, floor, draw 

The explanation of each topic is provided as follows: 
Topic 0_Structural Details: Discusses details, 
attachments, beams, columns, and steel lift information. 
Topic 1_RFI and Document Handling: Involves 
submissions, responses, dates, documents, and fire related 
topics. 
Topic 2_Ceiling and Custom Design: Focuses on ceiling 
types, brackets, shutters, roller cameras, and custom 
designs.  
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Topic 3_Door and Water Requirements: Covers door 
related discussions, schedules, cylinders, and water 
requirements. 
Topic 4_Door Scheduling and Confirmation: Focusses 
door scheduling, usage requirements, and confirmation 
processes. 
Topic 5_Fire Safety and Foundation: Relates to fire 
reports, foundations, contractors, stairs, and structural 
documents. 
Topic 6_Change Requests: Centers on changes, RFIs, 
frames, instructions, and core design. 
Topic 7_Sensor Installations: Discusses lamellas, sensors, 
dual systems, WiFi sensors, gates, and lift installations.  
Topic 8_Comments and Revisions: Involves comments, 
mounting requests, drawing areas, equipment revisions, 
and elevation updates.  
Topic 9_Prab Design and Heating: Focuses on designs, 
connections, sounder designs, heating, and floor 
drawings. 

Evaluation of NMF Clusters 

NMF decomposes the given data matrix into the product 
of two lower-dimensional non-negative matrices. In text 
analysis, one matrix represents the distribution of topics 
across documents, and the other represents the 
distribution of words across topics. Due to this 
decomposition, a word in NMF can possess non-zero 
weights in multiple topics, resulting in the occurrence of 
the same keyword across different topics.  

The list of the 10 topic sets was obtained from the NMF 
model in Table 2 and the top 20 keywords with the highest 
weights that characterize each topic. 
Table 2: Partial List of RFI Topics in NMF Clustering Method 

Topic Keywords 

0 
subrfi, A*, doc, date, response, rfi, C*, mep, pdf, 
sprinkler 

1 
door, lock, leaf, cylinder, hardware, bk, closer, 
handle, schedule, D* 

2 
rficir, A*, shaft, doc, fcu, date, group, air, return, 
near 

3 
drawing, prab, td, acm, wall, structural, str, floor, 
foundation, design 

4 
opening, beam, existing, fit, slope, routing, pipe, 
designer, existing, solution 

5 
subrfi, A*, damper, control, supply, power, sys, 
date, doc, td 

6 
bracket, color, ral, camera, drawing, custom, shop, 
colour, commented, schedule 

7 
beam, level, connection, lift, steel, attached, E*, 
load, column, imd 

8 
total, gh, lcp, dcl, belongs, area, toilet, principle, 
room, follow 

9 
ceiling, shutter, roller, casing, height, mm, large, 
lamella, type, leeuw 

The explanation of each topic is provided as follows: 
Topic 0_RFI and Sprinkler Systems: Addresses RFIs, 
documents, responses, MEP, PDFs, and sprinkler. 
Topic 1_Door Hardware and Schedules: Focuses on 
doors, locks, leaves, cylinders, hardware, and schedules. 
Topic 2_RFICIR and Air Return: Discusses RFICIR 
(indicated the RFI which is in circulation among different 

stakeholders), shafts, documents, FCUs, dates, groups, 
air, and near returns. 
Topic 3_Drawing and Structural Design: Involves 
drawings, walls, structural elements, floors, foundations, 
and designs. 
Topic 4_Opening Solutions: Addresses openings, beams, 
existing structures, fits, slopes, routing, pipes, and design. 
Topic 5_RFI and Damper Control: Covers RFIs, dampers, 
control, supplies, power systems, dates, and documents. 
Topic 6_Brackets and Color Design: Focuses on brackets, 
colors, cameras, drawings, custom designs, shops, and 
schedules. 
Topic 7_Beam Connections and Steel: Discusses beams, 
levels, connections, lifts, steel attachments, and columns. 
Topic 8_Total Area and Ceiling Design: Addresses total 
areas, belongings, toilets, principles, rooms, and designs. 
Topic 9_Design and Casing: Discusses specific design 
elements, ceiling shutters, roller casings, large lamellas, 
and leeuw types. 

Evaluation of K-means Clusters 

In addition to LDA and NMF, in the K-means model, each 
cluster is defined by the similarity of documents in the 
feature space. If a particular keyword is relevant to 
documents in multiple clusters, it can appear in the top 
keywords for each cluster. 

The list of the 10 topic sets was obtained from the K-
means model in Table 3 and the top 20 keywords with the 
highest weights that characterize each topic. 

Table 3: Partial List of RFI Topics in K-means Clustering 
Method 

Topic Keywords 

0 
door, schedule, switch, bar, push, frame, ral, alarm, 
need, F* 

1 
door, lock, cylinder, leaf, bk, hardware, closer, D*, 
provision, handle 

2 
drawing, wall, attached, prab, td, acm, document, 
information, design, rfi 

3 fit, opening, routing, existing, slope, pipe, changed, 
possible, beam, order 

4 
convector, size, card, reader, cad, lift, send, signal, 
riser, inspection 

5 
subrfi, A*, doc, date, rfi, damper, control, response, 
td, supply 

6 
beam, opening, existing, solution, ipe, steel, level, 
connection, attached, E* 

7 
ceiling, total, shutter, mep, roller, height, lighting, 
final, casing, type 

8 rficir, A*, shaft, doc, fcu, date, group, rfi, air, near 

9 
lamella, mm, panel, cps, plate, new, G*, circuit, 
solution, damper 

The explanation of each topic is provided as follows: 
Topic 0_Door Schedules and Bar: Involves door 
schedules, switches, bars, pushes, frames, and alarms. 
Topic 1_Door and Hardware: Focuses on doors, locks, 
cylinders, leaves, hardware, closers, and provisions. 
Topic 2_Drawing and Design: Discusses drawings, 
attached documents, information, and design-related 
topics. 
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Topic 3_Fit and Routing Solutions: Addresses fits, 
openings, routings, existing structures, slopes, pipes, 
changes, and possible orders. 
Topic 4_Convector Size and Lifts: Involves convector 
sizes, cards, readers, CAD, lifts, signals, and risers. 
Topic 5_RFI and Supply Control: Covers RFIs, 
documents, dates, responses, and damper control. 
Topic 6_Beam Solutions and Steel: Discusses beams, 
openings, existing structures, solutions, IPE, steel, levels, 
and connections. 
Topic 7_Ceiling and Lighting Design: Focuses on 
ceilings, total areas, shutters, MEP, rollers, heights, 
lighting, final casings, and types. 
Topic 8_RFICIR and Lamella Design: Addresses 
RFICIR, shafts, documents, FCUs, dates, groups, air, near 
returns, and lamella designs. 
Topic 9_Circuit and New Solutions: Discusses specific 
elements like circuits, new panels, plates, and innovative 
solutions. 

Comparison of All Clusters 

Upon reviewing the results, the observed behavior can be 
attributed to the inherent differences in the assumptions 
and structures of the three clustering algorithms (LDA, 
NMF, and K-means). Each algorithm assigns unique 
topics based on its approach to modeling the connections 
between RFI documents and words, albeit with some 
word overlaps. For instance: 

 LDA Topic_0, NMF Topic_7, and K-means Topic_6
share five common keywords (beam, level, connection,
steel, attach (LDA) / attached (NMF&K-means)).

 LDA Topic_1, NMF Topic_0, and K-means Topic_5,
with different weights, share 6 common keywords
(subrfi, doc, date, response, rfi).

 LDA Topic_2, NMF Topic_9, and K-means Topic_7,
with different weights, share 6 common keywords
(ceiling, shutter, roller, case (LDA) / casing (NMF&K-
means), height, type).

 LDA Topic_4, NMF Topic_1, and K-means Topic_1,
with different weights, share 4 common keywords
(door, lock, cylinder, handle). Additionally, leaf,
hardware, bk, and closer are common only in NMF
Topic_1 and K-means Topic_1.

 LDA Topic_9, NMF Topic_3, and K-means Topic_2,
with different weights, share 4 common keywords (draw
(LDA) / drawing (NMF&K-means), prab, acm, design).

 Although LDA exhibits similar topics, as seen in the
examples above, it diverges with some topics (e.g., LDA
Topic_8).

Table 4: Expert Evaluation of RFI Clustering Methods 

Expert #1 Expert #2 Expert #3 Mean 

LDA 5 4 5 4,67 

NMF 3 5 4 4,00 

K-means 3 4 4 3,67 

Mean 3,67 4,33 4,33 

The scale for understanding an RFI text’s content (topic) 
and determining the keywords was defined as 1: very 
unsuccessful and 5: very successful (Table 4). 

From the experts’ perspective, LDA is more successful 
than the other two clustering algorithms in clustering 
RFIs. LDA can create more distinctive topics and 
provides a focus on micro-level clustering rather than 
generating general topics. When considering the 
characteristic features of RFIs compared to other text data 
used in the construction sector, such as their lengthiness, 
noisiness, inclusion of typos, combinations of upper- and 
lowercase letters, and utilization of variable terms for a 
single concept, the obtained results are consistent with the 
literature. 
Ratings assigned to NMF and K-means models, except for 
Expert #2, are identical. This topic similarity has led to 
experts giving similar ratings, as these models create quite 
identical topics. None of the experts gave a rating below 
three because clustering algorithms are generally not used 
in current RFI analyses. Therefore, a clustering study of 
this kind is perceived to positively impact on 
understanding the RFI text’s content (topic) and 
determining the keywords that reveal its content. In 
summary, even the model with the lowest score (K-
means) demonstrates average success in the clustering 
RFI text data. 

Comparison of Visualization Techniques 

Multiple visualization techniques are employed in 
clustering problems. The pyLDAvis, specific to LDA 
models (See Figure 1(a)), is a Python package that 
empowers users to visualize LDA models effectively. 
This interactive tool provides features like hovering and 
clicking for in-depth data exploration. Essentially, 
pyLDAvis is a critical tool for gaining insights into the 
topics generated by LDA models and their distribution 
across documents.  

The second method involves scatter plot visualization. 
For this method, the t-SNE (t-Distributed Stochastic 
Neighbor Embedding) algorithm was applied first (See 
Figure 1(b)). t-SNE is a dimensionality reduction 
technique designed to visualize high-dimensional data 
compactly by preserving pairwise distances between data 
points as much as possible in a lower-dimensional space. 
In essence, t-SNE rearranges data points from a high-
dimensional space to a lower-dimensional one, 
emphasizing the preservation of relationships among 
similar points.  

The third method visualizes topics with word clouds (See 
Figure 1(c)). Word clouds are highly preferred for 
identifying and highlighting key themes and subjects 
within a textual corpus.  

They facilitate a quick and effortless analysis of crucial 
keywords in a dataset by visually displaying frequently 
occurring words, where the font size is directly 
proportional to their frequency of occurrence. These word 
clouds represent a set of words visually, with the most 
frequent words appearing larger in size and color. They 
are typically arranged in a circular or elliptical pattern. 
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Figure 1: RFI Clustering Visualization Methods (a) pyLDAvis; (b) scatter plot; (c) word cloud; (d) bar charts 
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The final method utilizes bar charts (See Figure 1(d)). Bar 
charts are employed in statistical studies for simplicity, 
interpretability, distribution insight, representation of 
topic data, and space efficiency.  This study applied 
visualization techniques, including scatter plots, word 
clouds, and bar charts, to LDA, NMF, and K-means, while 
pyLDAvis was exclusively used for LDA.  

The experts evaluated the outputs of each model with each 
visualization method and were asked to rank their 
preferences for visualization tools used for analyzing 
topics and keywords. Table 5 shows the experts’ 
preferences for visualization techniques regarding RFI 
topics and keywords. 

Table 5: Expert Evaluation of RFI Clustering Visualization 
Methods 

pyLDAvis 
scatter plots 
with t-SNE 

word 
clouds 

bar 
charts 

Expert #1 1 4 3 2 

Expert #2 1 4 2 3 

Expert #3 1 4 3 2 

The most preferred visualization method was identified as 
pyLDAvis. The experts deemed its ability to filter topic 
clusters with their keywords rapidly and provide 
interactive access to be the most useful, practical, and 
applicable.  

Two experts ranked word clouds and bar charts second, 
providing data on keyword weights. While word clouds 
offered insights into keyword weights through font sizes, 
experts found the provision of numeric data more 
practical.  

The scatter plot was evaluated as the least preferred 
visualization method because of its perceived lack of user-
friendliness for quickly analyzing topics despite 
providing insights into the proximity or overlap of topic 
clusters. 

Conclusions 
In this study, 288 RFI texts retrieved from an airport 
project were analyzed with three different clustering 
algorithms (LDA, NMF, and K-means), and the results of 
these algorithms were compared.  The generated clusters 
and keywords were presented using four visualization 
methods (pyLDAvis, scatter plots, word cloud, and bar 
charts). In the final stage of the study, with expert 
opinions, the most preferred algorithm (LDA) and 
visualization technique (pyLDAvis) were determined. 
The results of this study provide crucial insights into 
determining the most effective clustering algorithm and 
visualization technique for analyzing RFI texts in the 
literature. Moreover, the findings of this study can benefit 
project managers and quality engineers for rapidly and 
effectively analyzing RFI topics to develop proactive 
measurements for non-conformities before they arise on 
the construction site.  

In the future, comparative analyses can be conducted by 
increasing the number of RFIs and including different 

types of projects. Furthermore, the topics in this study’s 
results can be extended by processing them as metadata in 
RFI texts and analyzing them with machine learning 
algorithms. While the results of this study play a role in 
the prior work for visualizing RFIs on the BIM model, 
visualization and 3D querying practices within the scope 
of BIM are left for future studies. 
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Abstract
Maintenance operations account for a significant portion
of project lifecycle costs and are subject to disruptions. A
potential solution to this problem is to develop resilient
strategies to cope with disruptions, ensuring safe and
reliable operation of assets. This paper intends to develop
a causal loop diagram to depict system downtime causes
among resilient maintenance operations of built assets and
represent the complex nature of relationships between
maintenance outcomes and disruptions. As a result, root
causes of major disruption events to maintenance
operations of built assets are mapped to inform
technological advances that support predictive
maintenance such as simulations.

Introduction

The operation and maintenance (O&M) phase is the
“longest and costliest phase” of an asset’s lifecycle (Chen
and Tang, 2019), which can account for up to 80% of the
total cost of the asset (Cavka et al., 2015). The cost of
maintenance itself can constitute 25% of the overall
operation and maintenance cost (Navas et al., 2020).
Therefore, improving maintenance operations can
significantly reduce the total cost of built assets.
‘Maintenance operations’ refers to what maintenance
activities should be carried out on the asset, when and how
the demand for this operation is activated (Gits, 1992). In
this study, maintenance operations refer to activities to be
undertaken to ensure the acceptable level of functionality
of an asset. Maintenance operation is a complex process
due to the requirement of incorporating a variety of
disciplines, knowledge, human resources (e.g.,
maintenance crew), tools (diagnostics and predictive
technologies), information technology systems (hardware
and software), financial resources and physical resource
(e.g., spare parts) (BS EN 15341:2019). This complex
process can be affected by different sources of uncertainty
and disruptions consequently leading to significant
financial losses, threatening survival of asset and
unserviceability of the assets (Osei-Kyei et al., 2021). In
this regard, with the increase of disruption events (man-
made and natural disasters) (Dianat, et al., 2021) there is
an immediate need for a resilient strategy to improve
responsiveness of the asset to the unexpected events and
disruptions (Ali et al., 2017). As Hosseini et al. (2016)
stated, improving resilience of systems significantly
raised for researchers and industries. However, literature
shows that there is a lack of clarity in the maintenance
operation resilient definitions, concepts, and strategies
(Ali et al, 2017, Burroughs, 2017). Simulation is one of
the effective methods for modelling maintenance

operations and analyzing the efficiency of various
scenarios for improving resilience in response to
disruptions. It can model the complexity and uncertainties
of maintenance operations in a risk-free environment,
allowing organizations to observe a system’s behavior
under various circumstances. The necessary first step to
developing a decision-making model for this purpose is to
look at the dynamic behavior of system and potential root
causes of disruptions to analyze their interactions with
each other and on the system and how they work to create
the phenomenon (Dianat et al., 2021). In addition, there
are some causes whose sources are independent of the
system itself; however, the impacts of them amplify
disruptions in the system. These interactions can be
illustrated via causal loops using system dynamics (SD).
The SD shows how components interact throughout the
system by going beyond events and searching for
behavior patterns (Khorshidi et al., 2023). It also captures,
simulates, and estimates the effects of policies,
parameters, and components that change dynamically
over time on the whole system (Khorshidi et al., 2023) and
demonstrates them in a causal loop diagram (CLD).

Methodology
This study is informed by a deductive approach where the
qualitative data (pre-existing theory) is analyzed to
anticipate certain core concepts. Thereby, an extensive
literature review is conducted to identify root causes of
disruptions to maintenance operations. In order to make
full sense of the findings, a start list of priori categories
was generated in line with previous research using the
research questions (mentioned below). Data was
deductively analyzed to develop clusters of disruption
sources (internal to the organization, external to the
organization but internal to the network, and external to
the organization). Thereafter, a system dynamics
approach was used to develop a novel causal loop diagram
(CLD) for demonstrating the causality (causes and
effects) and interrelationships between identified
disruptions, their variables, and sources. CLD is one of
the SD modeling that represents the complex and
nonlinear relationships between components and can be
developed through gaining knowledge about a system as
well as discussing and brainstorming with experts
(Khorshidi et al., 2023). The CLD helps the user
communicate the feedback structure (root causes of a
problem) and underlying assumptions (Sushil, 1993).
According to Sterman (2000) CLD can “1) quickly
capture your hypotheses about the causes of dynamics, 2)
eliciting and capturing the mental models of individuals
or teams; and 3) communicating the important feedback,
you believe are responsible for a problem.”
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Research questions:

1) What are the root causes of major disruptions to the
maintenance operation of assets?

2) How do the identified events impact the maintenance
operations (e.g., what aspects of maintenance operation
are affected)?

3) How can the resilience of maintenance operations be
improved (e.g., what capabilities are required to be
improved to reduce the impact of disruptions)?

Literature review
Maintenance operation resilience

Resilience is the ability of a system to absorb, resist,
adapt, and recover from disruptions (Osei-Kyei et al.,
2021 and Durán et al., 2020) without interrupting the full
performance of the system. If a system is substantially
affected, its resilience gives it the ability to fully recover
its function in the shortest possible time (Hosseini et al.,
2016). In this paper, resilience of maintenance operations
refers to the ability of the asset to continue its operations
while subjected to disruptions.

Bukowski and Werbińska-Wojciechowska (2021)
developed a resilient-based maintenance support system
with four subsystems including monitoring, responding,
learning, and anticipating (as shown in Figure 1) to
minimize the consequences of disruptions. The main task
of the monitoring phase is to detect disruptive events. The
response to disruptive events should be authorized,
effective, and analyzed after the disruption. However, as
resources (e.g., information, maintenance crew, materials,
and tools) in organizations are not infinite, responses can
only be prepared for a limited number of disruptive events
or situations that occur frequently (Bukowski and
Werbińska-Wojciechowska, 2021). The learning
subsystem is based on the organization’s behavior and
actions in specific situations. The primary purpose of
learning is to improve the organization’s ability to
respond, monitor, and anticipate disruption as well as
changing values and criteria in the organization if
required. The final phase is anticipation. The key purpose
of this phase is to think and imagine outside the event
horizon, conceive different possibilities, and predict what
can happen in the future.

Figure 1: A functional diagram of a maintenance support system 
(after Bukowski and Werbińska-Wojciechowska. 2021) 

Sun et al. (2022) examined another framework which is a 
resilience-based approach to maintenance asset and 
operational cost planning comprising three principal 
capacities: absorption, adaption, and restoration. As 
shown in Figure 2, ‘Absorption’ (R0) is the capacity of a 
system to withstand a disruption, absorb its consequences, 
and return to its original state. The strength of the 
absorption capacity is based on the structure of the system 
and the intensity of the interruption. A system with higher 
absorption capacity requires less effort to recover from a 
disruption (Sun et al., 2022). ‘Adaption’ (R1) is the ability 
of a system to recover a certain amount of lost 
performance without the need for external maintenance 
actions (Abimbola and Khan, 2019). And ‘restoration’ 
(R2) is the phase in which the system is restored to a new 
equilibrium state which can be lower, equal, or greater 
(green dotted line) than its original state by employing 
external maintenance actions. 

Figure 2: The resilience behaviour of a system subject to 
disruptions (after Sun et al., 2022) 
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Shekarian and Mellat Parast (2021) defined four
resilience enhancers (flexibility, agility, collaboration,
and redundancy) and examined the effect of each
enhancer on five types of disruptions to a network
(demand, supply, process, control, and environmental
disruptions) and realized that adopting appropriate
enhancers has great impacts on organizational
performance while being affected by disruptions. To
improve resilience in an organization, all the affective
variables are required to be identified. In this regard,
disruptions and their root causes to the maintenance
operations categorized are discussed below.

Disruption to maintenance operation ---------------------
Sources of disruptions to a system can be categorized 
into three types: 1) internal to the organization, 2) 
external to the organization but internal to the network, 
and 3) external to the network (Shekarian and Mellat 
Parast, 2021, Sun et al., 2022). Shekarian and Mellat 
Parast (2021) defined five types of disruptions to a 
network including process and control risks (internal to 
the firm), demand and supply risks (external to the firm 
but internal to the network) and environmental risks 
(external to the network) and classified supply chain 
disruptions into these categories as shown in Figure 3 
below.

The following section discusses the sources of disruptions
to the maintenance operation of built assets based on the
identified categories discussed.

Maintenance process risks: process risks involve
potential deviations from producing the desired quality
and quantity at the right time (Shekarian and Mellat
Parast, 2021). Root causes of maintenance operations
process risks can be referred to lack of maintenance crews
or skilled workers (e.g., labor strikes), lack of spare parts
(caused by deficiency in inventory management and
logistic network), adequate budgetary resources for
maintenance costs, lack of diagnostic and preventive
technologies tools, and interruptions to information
communication technology (ICT). For example, cyber-
attacks are one type of ICT disruption. In recent years, the
development of digital platforms for the operation and
maintenance of assets to exchange and store data has
benefited organizations but it has also made them more
vulnerable to cyber-attacks (Ghadiminia et al., 2022).

There are some additional sources of process risks
depending on the maintenance approach adapted in the
organization, such as failure in the data transmission
network (failures in sensors and IoT networks),
breakdown of external or internal IT infrastructure,
insufficient maintenance records, inaccessibility to data in
real time, and lack of decision support systems.

Control risks: “control risk or network risk involves the
assumptions, rules, systems, and procedures that govern
how an organization exerts control over its processes”
(Shekarian and Mellat Parast, 2021). Various
maintenance approaches, including corrective
maintenance (unscheduled and event-driven tasks) and

proactive maintenance (time-based or planned 
preventative maintenance, and condition-based 
maintenance) have different maintenance standards, 
regulations, and legislation (Miles et al., 2019). However, 
many maintenance standards have been developed in a 
way that they provide a common ground for a harmonized 
maintenance approach (Miles et al., 2019). These 
legislation and regulations outline the general 
requirements for defining all types of maintenance (e.g., 
EN 13306), present general recommendations for the 
technical documentation of maintenance (e.g., EN 
13460), provide generic descriptions of maintenance 
process (e.g., EN 17007) among others but they lack local 
legislation to mitigate health, safety, and environmental 
(HSE) risks (Miles et al., 2019). On the other hand, 
compliance with such requirements is typically governed 
and managed by experienced system experts in the 
organization; therefore, lack of interorganizational 
policies to embed these rules is another source of control 
risk. Other examples of sources of this type of risk are lack 
of safety policies and asset management policies. 

Demand risks: this type of risk involves any possible gap 
between actual and anticipated demand and any potential 
disruptions in the flow of material and information within 
the network or between the focal firms and the market 
(Shekarian and Mellat Parast, 2021).  

Demand forecasting is a challenging task as the demand 
is intermittent and lumpy. From maintenance operations 
perspective, unanticipated demands (e.g., skilled 
workers), high demand services, uncertain maintenance 
demands, and insufficient information for forecasting 
demands are examples of demand risks.  

Supply risks: these risks entail: 1) failure to supply spare 
parts in terms of time, quantity, and quality; and 2) 
disruptions to the flow of products and information within 
or outside the organization. Turan et al. (2020) stated that 
unavailability of spare parts accounts for up to 80% of all 
system downtime in the maintenance operations. Sources 
of supply risk associated with maintenance operations can 
be referred to insufficient logistics networks (failures in 
nodes (facilities) or links), poor inventory planning, and 
lack of outsourcing and globalization. 

Environmental risks: these are risks external to the 
organization and are beyond the control of organizations. 
One of the examples of sources of environmental risk is 
natural disasters. As a result of climate change, natural 
disasters, such as floods, have occurred more frequently 
and intensively in the past decades (Song et al., 2016 and 
Feldmeyer et al., 2020). In fact, a 2% rise in the annual 
incidence of natural disaster was documented during the 
past 15 years and built assets are one of the most 
vulnerable areas to be affected by natural disasters (Bang 
and Burton, 2021). Other examples include war, 
epidemics (e.g., COVID-19), and political instability. 

In addition to the previously described disruptions, 
evaluating ‘co-occurring’ or ‘compounding failures’ 
(when two or more sources of disruption occur 
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concurrently) and ‘cascading failures’ (when a disruption
happens after the initial failure (horizontal-correlated
cascading failures) or when a disruption can cause failure
at the upper layers of the system (vertical-correlated
cascading failures) (Moffatt et al., 2021) is crucial
because they have high impacts on the maintenance
operations and are more difficult to fix.

Due to the variety of sources of disruptions to the
maintenance operations, developing strategies to mitigate
disruptions by making the maintenance operations more
resilient and responsive is crucial. Access to reliable and
quality data is critical for achieving this aim and
developing a simulation-based decision support system.

Technologies and disruptions

There are two types of disruptions to maintenance
operations: 1) ‘anticipated’ disruptions, like demand risks,
which can be predicted based on historical data related to
their nature, range, and frequency, and 2) ‘unanticipated’
disruptions like environmental disruptions, which are not
dependable or consistent with historical data (Tsiamas
and Rahimifard, 2021).

In recent years, integrating BIM (building information
modeling), GIS (geographic information system), IoT
(Internet of Things) and computerized maintenance
management system (CMMS) such as IBM Maximo,
ARCHIBUS, EcoDomus, FM Systems, AssetWorks, or
eMaint among others has supported maintenance
operations by improving decision-making (Ma et al.,
2020). These approaches use asset life-cycle data and
maintenance records to detect possible failures (Moradi et
al., 2021). For example, BIM can be used to minimize
maintenance processes and supply disruptions by
providing equipment location data, equipment
maintenance data, cost data, and historical maintenance
records. Also, it can be adopted to deal with control
disruptions by increasing collaboration between
participants and identifying potential risks. IoT and
machine learning tools can be adapted to minimize supply
and maintenance process disruptions, as they can predict
when an asset or equipment requires maintenance actions

(before breakdown point) and provide an accurate
assessment of equipment health conditions based on data
collected by sensors (Shamayleh et al., 2020).

Digital twins, through the synergy of several technologies
including IoT, artificial intelligence (AI) and BIM
integrate multi-source data into one single system to
support decision-making for maintenance processes. AI
can be adapted to improve maintenance demand planning
with identification of demand pattern, market trend, and
efficient forecasting. However, in order to take advantage
of AI, clean and quality data, sufficient technological
infrastructure, resource availability, and area experts are
necessary. This will include supplying spare parts.

Results and discussion

The initial contribution to this research is to define the
sources of disruptions to the maintenance operations and
propose a classification based on these criteria. The
classification includes ‘Internal disruptions’ (process risk,
control risks), ‘External to the organization but internal to
the network’ (demand risks, supply risks) and ‘External
disruptions’ (environmental risks) to the maintenance
operations. The connections between sources of
disruptions and their root causes to improve
organizational responses are mapped. To achieve this, SD
is adapted due to its capability of capturing the dynamic
behavior of complex systems and depicting the dynamic
interactions of maintenance operations in different areas
such as economic, risks, humanity, environmental, and
supply chain. Causal loop diagrams in SD are employed
for developing a hypothetical and knowledge based CLD
(see Figure 4) to demonstrate maintenance operation
system structure, complexity, and feedback processes.

In CLD, each box is a variable and causal relationships
between each variable are represented as arrows with
polarities (positive and negative signs). In this context, a
positive sign means that a change in one variable led to a
change in the same direction, and a negative sign led to a
change in the opposite direction. The causal loops can be
positive (reinforcing) or negative (balancing). “A positive
loop is associated with exponential growth. However, a

Figure 3: Supply chain sources of risks and disruptions (after Shekarian and Mellat Parast, 2020) 
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negative loop tends to reach a balance point” (Khorshidi 
et al., 2023). Color coding is adapted to distinguish 
different types of disruptions (internal, external, external 
but internal) and their interconnected factors. 

The advantage of CLD is that it can connect non-linear 
relationships between different sources and varieties and 
present casualty of system breakdown or system 
downtime. As it can be seen in Figure 4, the relationship 
between maintenance process disruptions and training is 
not a linear relationship. For example, budgetary 
resources have a positive impact on training; the higher 
the budget, the more training is conducted. So, training 
has a negative impact on maintenance process disruptions 
through budgetary resources, which is a dynamic variable. 

The proposed CLD requires it to be tested empirically and 
validated by experts in the future. Once the CLD is 
validated, it can be transformed and formulated for the 
model and run for results. By adopting simulation, 
different recovery strategies on maintenance operations 
performance affected by disruptions can be analyzed. To 
achieve this, different scenarios in terms of the presence 
or absence disturbances and presence or absence of a 
mitigation strategy can be examined. The impact of 
mitigation strategies will be analyzed in regard to time and 
cost of recovery. 

The CLD aims to provide a base for the development of 
accurate simulation models in the context of maintenance 
disruptions. In this context, the CLD can be used to ensure 
that the all the relevant and impactful data on the 

simulated variable is considered in the simulation. For
example, let’s envision creating a simulation model that
aims to determine the impact of disruptions on ‘spare parts
supply chain’. Following the CLD across the multiple
links that connect ‘Supply Disruptions’ with the rest of the
variables, one can ensure that all the relevant variables are
included in the model. On the first instance, ‘outsourcing
and globalization’, ‘logistic networks’, ‘lack of spare
parts’, ‘inventory planning’ and ‘environmental
disruptions’ are connected, then the variables linked to
those need to be considered and so on. With the CLD in
mind, a comprehensive list of variables required to
accurately simulate an outcome from a major disruption
is given. However, the importance and impact of each
variable on the outcome is not provided on the CLD and
simplification of simulation models from the initial list of
variables is a work in progress.

Conclusion and further study_____________
This study presents a review of the literature to explore
potential root causes of disruptions to the maintenance
operations of built assets to improve maintenance
operations resilience. Due to the dynamic nature of this
system, system dynamics theory is used to demonstrate
relationships and feedback loops between related factors
to enhance understanding of the system complexity and
non-linear causality. It also shows the need of
multidisciplinary resilience approaches (current research
gap). As a result, academics and practitioners are better

Figure 4: Causal loop diagram - root causes of disruptions to the maintenance operations. 
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equipped with the technological advances that support
predictive maintenance, such as simulations, for
improving resilience of maintenance operations in the
practices. It is mentionable that practices required some
practical changes for adopting resilience policies that
necessitated a rethinking and adaptation of new
governance approaches.

The limitations for this study are: 1) there is not much
available literature about disruptions to maintenance
operations as well as improving resilience in maintenance
operations (research gap); and 2) the literature review is
secondary data, not primary data: therefore, quality and
accuracy of data is limited.

By understanding the current gaps, future research will
develop a digital simulation-based decision-support
system (based on the proposed CLD) to improve
resilience of maintenance operations of built assets.
Survey research including expert interviews will be
conducted to 1) analyze the intensity and frequency of
experienced disruptions in the medium-to-large size
organizations, 2) explore organizational mitigation plans
to recover from the disruptions, 3) evaluate the efficiency
of the mitigation strategies adapted, 4) evaluate resilient
capabilities in the organization absorption, adaption, and
restoration.

Also, given that most of the research has focused on the
pre-disruption stage, future studies are recommended that
also investigate the post-disruption stage and its
management.
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Abstract 

While glazed buildings have become a symbol of modern 
construction with their aesthetic appeal, there is a lack of 
research specifically focusing on the influence of glazing 
parameters on energy consumption and occupant comfort 
in residential buildings, especially in tropical climate 
zones. The study is focused on developing a simulation-
based framework for optimizing the glazing parameters of 
multi-storied residential buildings in Indian climate zones 
to enhance thermal comfort and energy performance 
using a baseline model in Mumbai, India. Optimal 
configurations, identified through the study, suggest 
potential improvements of up to 30% in energy efficiency 
and 8% in thermal comfort compared to a baseline design 
considered in the study. The findings aim to inform 
architects, builders, and policymakers about tailored 
glazing configurations in various Indian climates. 

Introduction 

As global carbon emissions attributed to buildings reach 
nearly 42 percent, the emphasis on sustainable and 
energy-efficient building design has become paramount 
(Architecture 2030, 2023). The key to achieving 
sustainability in the building sector is the exploration of 
energy consumption patterns so as to take up energy-
conserving measures for the same. An assessment by the 
Bureau of Energy Efficiency (BEE) shows that in India, 
lighting and air conditioning use 80 percent of the energy 
in commercial buildings, whereas fans, lighting, and 
refrigerators use maximum energy in residential buildings 
(Kaja, 2015). The energy demands of a building are 
significantly influenced by its envelope which serves as 
the primary connection between the external environment 
and the interior spaces. The architectural world is 
witnessing a surge in the popularity of providing more 
glass as a major material in the building envelope (Ayyad, 
2011). Glass offers transparency and a sleek, 
contemporary look that enhances the architectural appeal 
of structures. Glass allows natural light to enter buildings, 
positively impacting occupant well-being as exposure to 
natural light has been linked to improved state of mind, 
increased alertness, and enhanced productivity 
(Golmohammadi et al., 2021). As countries such as India 
experience urbanization and economic growth, there is a 
desire to shift to contemporary architectural styles that 
incorporate more glass in the envelopes. However, when 
it comes to building energy efficiency, the choice and 

application of glass can significantly influence the 
outcome. One of the primary challenges with glass in 
tropical climates is excessive heat gain. Tropical climates 
typically experience intense and prolonged sunlight which 
can lead to a greenhouse effect inside buildings, causing 
them to overheat. This, in turn, requires more energy for 
air conditioning and cooling, leading to increased energy 
costs and carbon emissions (Sayed and Fikry, 2019). 
Hence, the performance of selected glass is of paramount 
importance in controlling energy consumption. 
The process of selecting glass has become increasingly 
intricate due to the wide array of glass options available, 
ranging from performance-oriented attributes to aesthetic 
considerations. Usta and Zengin (2022) performed energy 
modeling for an office building, considering four distinct 
types of glazing, to assess the influence of various 
window glazing properties on the building's energy 
performance while maintaining consistent indoor thermal 
and visual comfort conditions. The findings of the study 
demonstrated that the utilization of appropriate glazing 
materials could lead to a substantial reduction in energy 
consumption, specifically about 25% (Usta et al., 2022). 
Though the study showcased significant improvement in 
energy consumption, the lack of validation of the model 
raises concerns about the reliability of the simulated 
results. Further, the methodology outlined in the study 
appears to have a limited scope regarding glazing 
variations as it considers only four types of glazing 
models. Khalaf et al. (2019) investigated the impact of 
façade and shading systems on the energy performance of 
school buildings in Istanbul, emphasizing the need for a 
balance among lighting energy, heating, and cooling 
energy. The authors presented a case study comparing 
traditional clear double-layer windows with various 
glazing and shading alternatives and revealed a significant 
energy consumption reduction when using proper glazing 
and shading systems. However, the authors overlooked 
the user comfort and the potential effect of glazing and 
shading type on the productivity of students (Khalaf et al., 
2019). Kumar et al., (2018) investigated the thermal 
performance of commercial and residential buildings 
constructed with various building materials and window 
glass types in five different climatic zones of India. The 
findings demonstrated that, among the eighty building 
models analyzed, the building featuring a mud brick wall 
and south-facing bronze-reflective glass windows 
exhibited the most significant energy savings in terms of 
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minimizing heat gain. While this study made valuable 
strides in understanding energy efficiency in residential 
buildings, it beckons further considerations to understand 
the broader impact of glazing choices. With the increasing 
prevalence of remote work, residential spaces have 
become multifunctional and serve as both living and 
working areas, enhancing the significance of factors such 
as productivity and comfort in residential buildings. 
While the above studies make significant contributions to 
the aspect of energy efficiency, the impact of different 
glazing options on occupant comfort in residential 
environments remains underexplored. ASHRAE 
(American Society of Heating, Refrigerating, and Air-
Conditioning Engineers) defines thermal comfort as the 
conditions in which occupants of a space feel satisfied 
with their thermal environment (ASHRAE Standard 55). 
Further, due to the intricate nature of building models, 
computer simulations emerge as an efficient, 
comprehensive, and highly accurate method. Naji et al., 
(2021) used a multi-objective optimization approach 
using TRNSYS (Transient System Simulation Tool) and 
EnergyPlus to enhance the envelope components of 
prefabricated houses across six distinct climate zones in 
Australia. Optimization with multiple objectives involves 
the simultaneous consideration of conflicting goals, such 
as minimizing energy consumption while maximizing 
occupant comfort. This requires evaluating trade-offs 
between different design options to identify the most 
optimal solution that satisfies multiple criteria. The 
authors in this study considered energy efficiency, 
thermal comfort, and daylight illuminance as objectives. 
The results demonstrated significant improvements in 
various aspects of building performance compared to a 
baseline design. Compared to a baseline design, the life 
cycle cost of the optimal solution was reduced by 27-31%, 
indicating cost savings over the building's lifespan. 
Further, thermal discomfort hours were reduced by 6-55% 
(Naji et al., 2021). In a similar study by Ran et al. (2023), 
DesignBuilder was used, which employs a non-dominated 
sorting genetic algorithm (NSGA-Ⅱ), to optimize building 
energy, comfort, and cost. The optimal solution reduced 
energy use by 21.1%, and improved thermal comfort by 
32.4%, but increased initial investment cost by 35.3% for 
a reference building in Beijing. However, the above 
studies focus on various construction aspects, such as 
building materials, orientation, and insulation, rather than 
explicitly addressing the direct impact of glazing types. 
The studies also oversee the importance of validating 
building models with real-time data to authenticate 
consumption patterns and occupant behavior. Bridging 
this gap in literature would provide valuable insights for 
architectural regulations and building design, especially 
in the context of Indian climate zones. India is a vast 
country with different climate patterns and temperature 
ranges, from the tropical conditions in the south to the 
colder climates in the north. With residential buildings 
already accounting for a significant portion of India's 
energy consumption i.e., 20.4% projections suggest that 
by 2032, this percentage will increase sevenfold to reach 

36.5% emphasizing the need for more sustainable 
practices in residential buildings (BEE, 2021). Addressing 
this need, the study is focused on the selection of optimum 
glazing type and Window-to-Wall ratio (WWR) that help 
build energy-efficient and thermally comfortable 
residential buildings. 

Methodology 

The study employs a simulation-based framework – 
SIMEC-Opt, illustrated in Figure 1, to find the optimum 
glazing configuration that reduces heat gains and 
improves thermal comfort. The building is modeled in 
DesignBuilder, including detailed information regarding 
materials, characteristics of HVAC systems, schedules, 
and occupant behavior. Further, to understand the impact 
of glazing, an essential aspect involved the identification 
of glazing properties that will define glazing 
configurations. Glazing parameters such as U-value and 
Solar Heat Gain Coefficient (SHGC) are defined from 
glass types available in the Indian market. Next, 
optimization is carried out with the objectives of 
minimizing electricity consumption and maximizing 
thermal comfort by considering varied glazing options, 
and WWR to identify optimal combinations for different 
climate zones. The climate of India has been classified 
into five climate zones by BEE (BEE, 2021). BEE, in its 
Handbook of Replicable Residential Designs, has 
identified five representative cities corresponding to these 
climate zones. The five climate zones and their associated 
cities are detailed in Table 1. These 5 cities have been 
selected as they are a fair representation of the climate 
characteristics of the zone and have a high residential 
development potential in the coming years (Handbook of 
Replicable Residential Designs, 2021). Weather data files 
are obtained from climate.onebuilding in the EnergyPlus 
Weather (EPW) format. These EPW files provide 
comprehensive meteorological data necessary for 
building energy simulations, including parameters such as 
temperature, humidity, wind speed, solar radiation, and 
precipitation (climate.onebuilding). 

Table 1: Climate Zones of India and their representative city 

Climate Zone City 

Hot and Dry Aurangabad 

Temperate Bengaluru 

Warm and 
Humid 

Bhubaneshwar 

Composite Lucknow 

Cold Srinagar 
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Figure 1: SIMEC-Opt Framework 

Energy consumption is quantified by assessing the 
building's annual lighting, cooling, and heating demands, 
while thermal comfort is evaluated by calculating annual 
discomfort hours. Discomfort hours refer to the duration 
of time during which the indoor environmental conditions 
within a building fall outside the range considered 
comfortable for occupants. The criteria are often aligned 
with industry standards for acceptable indoor temperature 
and humidity levels. Discomfort hours in DesignBuilder 
are aligned with ASHRAE Standard 55, which defines the 
conditions for thermal comfort in indoor environments 
(DesignBuilder Software Ltd). 

Modelling 

Model Description 

DesignBuilder is chosen as the tool for modeling and 
analysis in this study as it offers flexible geometry input, 
extensive material libraries, and load profiles and utilizes 
EnergyPlus as its simulation engine (DesignBuilder 
Software Ltd). Using the original drawing files, a 
residential quarter is replicated in the DesignBuilder 
software. This building with its actual glazing 
configuration and WWR, serves as the base model for this 
study, representing a typical apartment complex in India. 
In practical applications, the number of windows and 
building materials differ across geographical locations. 
Since the present research is designed to assess the impact 
of various glazing systems, the same building model is 
employed across all locations, ensuring consistency and 
comparability in the study. The building was originally 
located in Mumbai, a city characterized by warm and 
humid climate conditions, as per the BEE classification 
(BEE, 2021). 

Figure 2: Model of the building 

Figure 3: Floor plan of the building 

Table 2: Specifications of the building envelope 

Component Layers Material U-value
(W/m2K)

External Wall 3 1.25 cm cement 
plaster + 22.5 cm 
brick + 1.25cm 
cement plaster 

2.192 

Internal Wall 3 1.25 cm cement 
plaster + 20 cm 
brick + 1.25cm 
cement plaster 

2.335 

Roof 2 1 cm RCC + 1 cm 
lime concrete 

2.939 

Floor 1 10mm ceramic 
tiles + 50 mm 

cement screed + 
150 mm concrete 

floor slab 

2.562 

Glazing 1 Single clear glass 6 
mm 

5.88 

Table 3: Zone-wise HVAC details of the building 

Zones Ventilation Lighting Cooling Heating 

Bedroom 1 Mixed mode On On On 

Bedroom 2 Mixed mode On On On 

Bedroom 3 Mixed mode On Off Off 

Living 
Room 

Mixed mode On Off Off 

Kitchen Mixed mode On Off Off 

Storeroom Mixed mode On Off Off 

Bathroom 1 Mechanically 
ventilated 

On Off Off 

Bathroom 2 Mechanically 
ventilated 

On Off Off 

Bathroom 3 Mechanically 
ventilated 

On Off Off 
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The building comprises a total of sixteen floors, with each 
floor accommodating four individual units. These units 
are equipped with three bedrooms, a kitchen, a store room, 
three bathrooms, and a living room. Additionally, the 
ground floor of the building is designated for parking. A 
visual representation of the building and the floor plan for 
each level is provided in Figure 2 and Figure 3, 
respectively. Detailed specifications of the building's 
envelope and the U-value of components are outlined in 
Table 2 (ECBC, 2017). The model is equipped with two-
pane sliding windows (50% openable area) of aluminum 
frame and single-glazed clear glass of 6 mm thickness 
with SHGC of 0.88 and a U-value of 5.8 W/m2K.The 
HVAC systems in each zone within the apartments are 
outlined in Table 3. The building follows a specific 
operational schedule for each zone, considering that 
occupants are outside and have office working hours 
starting at 9 am to 6 pm hence occupants are considered 
active at the house only in hours other than office hours 
on weekdays and active all day on weekends (Rethnam 
and Thomas, 2023). 

Model Validation 

To validate the model, the monthly electricity 
consumption data for the building is collected from the 
regional Estate office and then compared with the 
simulated energy consumption for the Mumbai location. 
DesignBuilder uses detailed information about the 
building, including its geometry, materials, HVAC 
systems, schedules, occupant behavior, and weather data 
for the required location to simulate annual building 
performance. The actual annual energy consumption for 
the building is given to be 223922 kWh, while the 
simulated value stood at 210065.6 kWh, resulting in a 
difference of 6.2%, which lies in the acceptable range of 
error for building energy simulation models (Xu et al., 
2017).  

Figure 4: A graphical comparison of monthly total energy 

consumption between simulated and actual data 

Figure 5 below provides a graphical representation of the 
monthly comparison between simulated and actual energy 
consumption (kWh). Furthermore, discomfort hours are 
also calculated by DesignBuilder, in compliance with 
ASHRAE guidelines, by running detailed energy 
simulations. The software considers various factors such 

as indoor temperatures, humidity, airspeed, and other 
environmental conditions over a year. It uses this data to 
quantify the duration of time when indoor environmental 
conditions deviate from the ASHRAE-defined comfort 
range. Annual discomfort hours of the building are 
determined to be 1048.46 hours out of 8760 hours 
annually after the model validation. 

Optimization Configuration 

Furthermore, the validated model of the building is again 
simulated for annual energy performance and thermal 
comfort with initial glazing configuration and WWR for 
all the representative cities. To find the best design 
options in each climate zone, the optimization is carried 
out in the next step considering design variables, glazing 
configuration, and WWR. Glazing options are provided in 
Table 4. 

Table 4: Glazing types involved in parametric analysis 

Glazing 
options 

SHGC U-value
(W/m2K)

Glazing 1 0.24 1.6 

Glazing 2 0.53 1.8 

Glazing 3 0.34 1.8 

Glazing 4 0.3 3.7 

Glazing 5 0.14 3.6 

Glazing 6 0.41 4.8 

Glazing 7 0.47 5.7 

Glazing 8 0.69 5.7 

Glazing 9 0.49 5.8 

Glazing 10 0.58 5.70 

Glazing 11 0.42 4.60 

Glazing 12 0.34 4.00 

Glazing 13 0.45 5.30 

Glazing 14 0.33 5.00 

Glazing 15 0.44 5.80 

Glazing 16 0.38 1.70 

Glazing 17 0.59 5.40 

Glazing 18 0.29 1.70 

Glazing 19 0.21 1.70 

Glazing 20 0.38 5.70 
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For WWR, the range is set from a maximum of 80% to a 
minimum of 20%, with steps of 5% increments. This 
means that WWR values are considered at 80%, 85%, 
70%, 75%, and so on, down to 20%. The in-built module 
“Optimization” of DesignBuilder is utilized for 
conducting multi-objective optimization in this study. 
Further, objective functions, which quantify the goal as 
minimizing energy consumption and minimizing 
discomfort hours, are defined. The optimization process 
involves an advanced evolutionary algorithm, NSGA- II 
(Non-dominated Sorting Genetic Algorithm II). As 
depicted in Table 5, a Simulated Binary Crossover (SBX) 
with a crossover probability of 0.9 and a mutation 
probability of 0.1 is used in the optimization process, 
which includes a population size of 100 individuals. 
Selection is done using a Binary tournament, and 
optimization is carried out for a 1000-generation 
termination criterion to reach optimal design solutions. 
Finally, NSGA II finds a set of Pareto-optimal solutions 
in a Pareto front (where no solution is better than the 
other), which represent trade-offs between conflicting 
objectives, energy consumption, and discomfort hours 
(Singh Rajput and Thomas, 2023). 

Table 5: NSGA II parameters 

Results 

Baseline configuration simulation results 

Table 6: Baseline configuration simulation details 

City Electricity 
Consumption 

(kWh) 

 Discomfort 
Hours (hours) 

Aurangabad 166638.50 828.55 

Bengaluru 142195.60 1181.64 

Bhubaneshwar 210194.40 1012.73 

Lucknow 184967.80 1033.54 

Srinagar 117669.62 1346.13 

Table 6 showcases the simulation outcomes for the annual 
energy performance and thermal comfort, considering the 
initial glazing configuration and WWR for the 
representative cities across the five climate zones in India. 
In the base case simulation results, Bhubaneshwar has 
electricity and discomfort hours similar to Mumbai's. It 

could be attributed to the fact that they both belong to 
warm and humid climates. Bhubaneshwar also has the 
highest electricity consumption and discomfort hours, 
followed by Lucknow, which has a composite climate. 
Srinagar is last, followed by Bengaluru, which has a 
temperate climate. 

Optimization Result 

The optimization analysis aimed at minimizing the annual 
electricity consumption (in kWh) and minimizing the 
annual discomfort hours (in hours) involving design 
variables, WWR, and various glazing options, for each 
representative city, led to a specific number of iterations 
to find optimal solutions as detailed in Table 7. 

Table 7: Number of iterations and optimal solutions of each 

representative city 

City Iterations Number of 
Optimal 
Solutions 

Aurangabad 196 19 

Bengaluru 242 62 

Bhubaneshwar 200 30 

Lucknow 213 32 

Srinagar 242 54 

Figure 5: Pareto graph result of Aurangabad 

Figure 6: Pareto graph result of Bengaluru 

Parameter Value 
Population size 100 
Crossover Type Simulated Binary Crossover 

Mutation probability 0.1 
Crossover probability 0.9 

Selection process Binary Tournament 
Termination criterion 1000 generations 
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Figure 7: Pareto graph of Bhubaneshwar 

Figure 8: Pareto graph of Lucknow 

Figure 9: Pareto graph of Srinagar 

The Pareto-front graph of the optimization analysis of 
each city is presented in Figure 5, Figure 6, Figure 7, 
Figure 8, and Figure 9. The optimization results illustrated 
a trade-off relationship between electricity consumption 
and discomfort hours. The electricity consumption and 
discomfort hours of optimal solutions of each city are 
compared with the values of the respective city baseline 
configuration which is equipped single clear glass of 6 
mm and 30 % WWR. Aurangabad demonstrated a 10% to 
16% reduction in electricity consumption and a 4% 
reduction in discomfort hours. However, for Bengaluru, 
this reduction ranged from 5 to 24%, while discomfort 
hours showed no potential for improvement. In 
Bhubaneshwar, optimal solutions lead to a 3 to 11% 

reduction in electricity consumption and a minimal 
change in discomfort hours. Lucknow, on the other hand, 
experienced a decrease in electricity consumption by up 
to 11% and also showed negligible potential for 
improvement in discomfort hours. Srinagar displayed up 
to 30% reduction in electricity consumption and up to 8% 
decrease in discomfort hours. Overall, the results 
indicated significant improvements in some cities, while 
others showed minimal enhancements compared to the 
baseline scenario. Comparable to outcomes of research 
conducted in Dubai on a two-story building, wherein 
double glazing resulted in a 9.3% reduction in energy 
consumption, the results of Aurangabad's (hot and dry 
climate) energy saving resonate closely (Abdeen et al., 
2024). 
The optimum solutions with minimum electricity 
consumption and minimum discomfort hours for each city 
are illustrated as a decision matrix in Figure 10. Along the 
top horizontal axis, WWR ranges from 20 to 80 with 
increments of 5. On the bottom x-axis, cities representing 
distinct climate zones are listed. The y-axis denotes 
glazing types numbered from 1 to 20. In this matrix, each 
block represents possible glazing configurations with 
different glazing types and WWR. Notably, blocks 
highlighted in brown signify the optimal configuration of 
glazing type and WWR for each respective city. These 
configurations strike a balance between reducing 
electricity usage and minimizing discomfort hours, 
tailored to the specific climatic conditions of each 
location. In Aurangabad, which represents a hot and dry 
climate, optimal configurations commonly included 
Glazing 5, 19, and 1. WWR for Glazing 5, which has the 
lowest SHGC, ranged from 20% to 80%, and for Glazing 
1 and Glazing 19 ranged from 20% to 35%. with WWR 
ranging from 20% to 40%. Bengaluru, representing a 
temperate climate, tended to favor Glazing 18, Glazing 5, 
and Glazing 3, with recommended WWR falling between 
20% to 80%. Bhubaneshwar, representing a warm and 
humid climate, showed optimal solutions with Glazing 5 
and WWR varying from 20% to 75%. Lucknow, 
representing a composite climate, tended to benefit from 
Glazing 2 over all the WWR and from Glazing 1, and 
Glazing 16, with WWR between 20% to 40%. In Srinagar, 
representing a cold climate, optimal configurations 
include Glazing 2 for Glazing 16, and Glazing 17, with 
WWR ranging from 20% to 80%. 

Discussion 

The results suggested specific recommendations for 
different climatic zones regarding the selection of glazing 
properties. In hot and dry climates, and warm and humid 
climates, glazing with lower SHGC values and moderate 
U-values to minimize solar heat gain. Composite climates
are recommended to have a mix of U-values and SHGC
values when choosing glazing, demonstrating the need for
a balanced approach in composite climates. In cold
climates, the glazing options with lower U-value and
relatively higher SHGC are found to be suitable. This is
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because the total heat gain through the glazing of the 
building is given by relative heat gain (RHG), which 
combined accounts for both conductive and radiative heat 
transfer. Conductive heat transfer depends on the 
temperature difference between the building's interior and 
the outside environment and is influenced by the U-value. 
Radiative heat transfer is related to the amount of solar 
radiation entering the building and is influenced by the 
SHGC of glass. In tropical climates where temperature 
differences are minimal, conductive heat transfer plays a 
minor role, making SHGC more critical than U-value. 
Conversely, in colder and temperate climates such as 
Srinagar and Bengaluru, the U-value of glazing options 
becomes a more critical factor in reducing heat loss. The 
results also recommend relatively higher SHGC for cold 
climates so as to facilitate passive heating. The decision 
matrix derived through the optimization analysis can 
serve as a valuable guideline for updating building codes, 
standards, and sustainability regulations. By promoting 
the adoption of energy-efficient building envelopes 
tailored to local climatic conditions, policymakers can 
support the transition towards more sustainable and 
resilient built environments. 

Conclusions 

This study aimed to establish a simulation-based 
framework, SIMEC-Opt for optimizing glazing 
parameters in Indian residential buildings, employing a 
validated model of a residential building across diverse 
climate zones in India. By performing optimization 
analysis in the study, glazing configuration and WWR as 
design variables, the best solutions were identified, 
revealing the potential for significant improvements in 
both energy efficiency and thermal comfort. Across 
representative cities in different climate zones, the study 
demonstrated reductions in electricity consumption 
ranging from 3% to 30%, coupled with improvements in 

discomfort hours of up to 8%. Discomfort hours showed 
minimal variation across a few climate zones, suggesting 
that factors such as air velocity, ventilation, and occupant 
preferences may be more influential in analyzing thermal 
comfort. 
The SIMEC-Opt framework represents a significant 
advancement in the field of building optimization, 
particularly concerning the selection of glazing 
parameters to enhance energy efficiency and thermal 
comfort in residential buildings. Through its simulation-
based approach and multi-objective optimization 
algorithm, SIMEC-Opt offers a systematic and 
comprehensive methodology for identifying optimal 
glazing configurations tailored to specific climate zones. 
By considering a wide range of glazing options and 
window-to-wall ratios, SIMEC-Opt enables architects, 
builders, and policymakers to make informed decisions 
that maximize energy savings while ensuring occupant 
comfort across diverse environmental conditions. The 
framework's novel features, including its focus on Indian 
residential buildings and its consideration of multiple 
performance metrics, contribute to its effectiveness and 
relevance in addressing the pressing challenges of 
sustainable building design and construction. 
While the study takes into account the diverse climate 
zones within India, it's important to note that building 
characteristics, energy consumption patterns, and 
occupant behavior also exhibit variability across different 
regions. The study’s findings may be specific to certain 
typologies of residential buildings reducing the 
generalizability of results. Factors such as cost, 
government policies, local building laws, and 
technological feasibility may also influence the 
practicality of adopting the recommended solutions. The 
optimization framework primarily focused on glazing 
configurations and window-to-wall ratios, neglecting 

Figure 10: Decision Matrix of glazing solutions for minimum electricity consumption and maximum thermal comfort 
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other critical building components such as walls and 
roofs. Though the narrow focus of the study confined to 
glazing allowed for a detailed examination of the unique 
characteristics and effects of glazing on building 
performance, integrating the wall and roof materials into 
the analysis can provide a more holistic understanding of 
building performance. While the study focused on 
representative cities across different climate zones in 
India, the underlying principles and optimization 
approach are transferable to similar climatic regions 
worldwide. As such, the recommendations can inform 
building design and retrofitting projects in various 
geographical contexts, contributing to global efforts to 
mitigate climate change and reduce energy consumption 
in the built environment. 
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Abstract 
Drawing on insights from computer graphics, this study 
introduces the Crack Boundary Point Rendering Network 
(CBPRN), an innovative high-resolution (HR) image 
segmentation framework designed to improve UAV-
based bridge crack inspections. We developed an edge-
guided branch and an uneven sampling strategy, 
enhancing detail preservation on crack boundary areas 
effectively. Through comprehensive ablation 
experiments, the efficacy of the CBPRN was validated, 
demonstrating its superior performance with remarkable 
outcomes: a processing speed of 13.45 FPS and mIoU, 
mBA, and Dice scores of 87.23%, 93.56%, and 89.59%, 
respectively, for images beyond 2K resolution. The 
CBPRN establishes a new standard in HR crack image 
segmentation. 

Introduction 
The emergence of surface cracks can effectively reflect 
the recent load-bearing status of bridges and provide a 
strong reference for traffic management departments to 
make reasonable maintenance decisions, thus preventing 
potential catastrophes (Manjunatha et al., 2023, Park et 
al., 2019). Therefore, accurate and efficient crack 
detection is crucial for ensuring the bridge’s safety during 
its service life. In recent years, advancements in crack 
detection technology, driven by digital image processing 
algorithms, have seen rapid progress. This development 
has markedly enhanced efficiency and reduced the high 
costs traditionally associated with manual inspection 
methods (Çelik and König, 2022). Presently, extensive 
research has been undertaken by researchers in the field 
of crack detection utilizing image processing methods 
(Munawar et al., 2021, Ren et al., 2020). Within this 
domain, deep learning (DL)-based crack segmentation 
algorithms have garnered significant interest over 
classification and object detection algorithms. This 
preference is due to the segmentation algorithms' superior 
ability to accurately delineate the contours and shape 
characteristics of cracks with pixel-level precision. 
A considerable amount of research based on DL for crack 
segmentation has been conducted, with some advanced 
algorithms reporting an impressive mIoU of over 93% on 
certain open-source crack datasets (Yang et al., 2023, Ali 

et al., 2021). However, it is noteworthy that these studies 
and their corresponding algorithmic improvements have 
primarily focused on identifying the main body of cracks 
while neglecting the recognition of fine-grained 
representations at crack boundaries. This oversight is 
significant because the quality of mask boundaries plays 
a crucial role in image segmentation; precise object 
segmentation directly benefits various downstream 
applications, such as damage quantification and 
assessment (Liu et al., 2023, Li et al., 2017). To 
comprehend the limitations in achieving fine-grained 
representations at crack boundaries, a critical analysis of 
the supervisory principles governing these segmentation 
algorithms is required, with a particular focus on the Mask 
Intersection-over-Union (Mask IoU) loss function (Cheng 
et al., 2021). This loss function, a benchmark in model 
training, guides models in predicting masks at pixel wise. 
Under the supervision of Mask IoU loss, models strive to 
maximize the overlap between the predicted mask and the 
actual mask. However, this loss evaluates all pixels 
equally, both internal and boundary pixels, making it less 
sensitive to the boundary quality of coarser cracks. As the 
crack size increases, the number of internal pixels grows 
quadratically and can far exceed the linearly increasing 
number of boundary pixels. This discrepancy leads to 
ambiguous segmentation effects in crack boundaries, 
especially at higher image resolutions where the 
difference between crack boundary and main body pixels 
is more pronounced. This trend is problematic for the 
industry's shift towards HR imaging for crack detection, 
as it can significantly affect segmentation results and 
impede accurate structural safety assessments. Therefore, 
a systematic study of the fine-grained recognition of crack 
edges is necessary to address this challenging issue. 
To this end, this study introduces the Crack Boundary 
Point Rendering Network (CBPRN), which enhances 
three key components of traditional point-based rendering 
architecture, enabling the rendering head to fully utilize 
its advantages in refined segmentation of cracks. The 
network architecture is illustrated in Figure 1. Initially, an 
edge-guided branch based on a super-resolution encoding 
architecture was designed, ensuring that details of crack 
boundaries and related tiny crack information are 
adequately preserved in the deep semantic feature maps 
used as a source for refined rendering. For the second 
improvement, an uneven sampling strategy focusing on 
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boundary areas was developed for the rendering-based 
prediction head, allowing the network to concentrate 
computational power on challenging areas like crack 
boundaries. Overall, these two improvements fully 
leverage the advantages of graphic rendering methods in 
the fine-grained segmentation of crack images. The 
CBPRN achieves a good balance between computational 
resource consumption and practical deployability while 
providing crack image outputs with precise boundaries, 
which is significant for accurate structural safety 
assessments of bridges.  

Figure 1: Visualization of boundary region-guided sampling 
with different dilation coefficients during the training phase 

Methodology 
The CBPRN proposed in this study consists of three main 
components: a coarse crack segmentation feature 
extraction backbone, an edge-guided branch, and a point 
rendering-based fine-grained prediction head. The coarse 
crack segmentation feature extraction backbone is built on 
a ResNet50-based encoding architecture, designed to 
perform coarse-grained feature extraction from high-
resolution crack images. The edge-guided branch 
comprises a fixed-parameter edge detector and a super-
resolution image encoding architecture, which guide the 
edge details in high-dimensional implicit features for 
coarse-grained crack features. The fine-grained prediction 
head based on point rendering primarily aggregates the 
implicit crack features outputted from the first two 
components and restores the fine-grained edge details of 
the cracks through point-by-point refined rendering based 
on the shared-weight multi-layer perceptron (MLP). 
Figure 1 visually presents some algorithmic details and 
computational logic of the proposed CBPRN. The edge-
guided branch and the fine-grained prediction head 
constitute two innovative enhancements to the original 
PointRend architecture, respectively, and are detailed in 
the following subsections. 

Edge-guided Branch 
To ensure that the deep semantic feature maps of cracks 
sufficiently retain the details of crack boundaries and 
minute cracks for refined rendering, this study customizes 
an edge-guided branch in addition to the coarse crack 
segmentation feature extraction backbone. In fact, 
previous research has utilized guided image filtering (He 
et al., 2012) for boundary guidance in natural scene image 

segmentation, an effective edge-preserving smoothing 
operator based on guided images. However, edge 
recognition methods based solely on morphological 
operations are easily disturbed by environmental noise 
like cracks and struggle to accurately extract edges of 
small-sized cracks. To address this, the authors retain the 
fixed-parameter guided image filtering operator while 
introducing an encoder designed for super-resolution 
reconstruction tasks, aiming to eliminate noise 
interference in the boundary feature map while enhancing 
the representation of minute crack boundary features. This 
super-resolution encoding architecture, as shown in 
Figure 2, is primarily constructed using three residual 
modules. To improve the extraction performance of tiny 
crack details, the authors incorporate a transformer 
module in each residual module (b1, b2, b3), hoping to 
model long-distance dependencies for crack pixels 
scattered across the global view through the inherent self-
attention mechanism of the transformer. 

Figure 2: Details of the super-resolution reconstruction 
encoding architecture and some internal components in the 
edge-guided branch, (a) implementation details of the super-
resolution reconstruction encoding architecture, (b) 
implementation details of two consecutive Swin Transformer 
blocks 

Fine-Grained Prediction Head Based on Point 
Rendering 
Inspired by refined rendering methods in computer 
graphics, the authors propose a crack fine-grained feature 
prediction decoding architecture based on point 
rendering. It is important to note that the principle of 
boundary refinement rendering point sampling remains 
consistent with the original PointRend architecture 
(Kirillov et al., 2020), ensuring computational efficiency 
during the training phase while enabling the trained model 
to perform effective end-to-end inference. Therefore, two 
different point sampling methods are designed for model 
training and inference. 
For the training phase: due to the availability of precise 
pixel-level labels for effective supervision of prediction 
results, selecting boundary points for adequate sampling 
based on these refined pixel-level labels is a more accurate 
and computationally efficient method compared to the 
original approach in PointRend, which involved boundary 
prediction based on the most uncertain points. Therefore, 
during the training phase, boundary information is 
directly extracted from the refined pixel-level labels of 
crack images to guide the selection of sampling points. 
Specifically, an edge detection algorithm is used to extract 
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the edge areas of the crack labels, and some of the 
sampling points, originally uniformly distributed across 
the background and the main body of the crack, are 
concentrated in these extracted edge areas. It is important 
to note that to prevent a decline in model performance due 
to an imbalance in the ratio of positive to negative samples 
during training, and to ensure efficient training, the total 
number of sampling points per image is set to 𝑁𝑁 = 𝐻𝐻×𝑊𝑊

20
. 

These sampling points are randomly distributed in the 
crack body, crack boundary, and background areas in a 
ratio of 0.3:0.4:0.3. Figure 3 visually demonstrates the 
sampling strategy for the rendering points used in training 
the model. Ultimately, all the sampling points identified 
on the labels are mapped onto the corresponding enhanced 
crack feature maps for model training. 

Figure 3: Visualization of the sampling points selection strategy 
in the training phase for the point rendering-based prediction 
head 

For the inference phase: Refined labels, which are the 
ultimate prediction results, are not available at the 
beginning of the inference phase, hence the sampling 
method used during the training phase cannot be applied. 
To effectively focus computational resources on 
accurately predicting minute cracks and crack boundaries, 
this study proposes a boundary-guided rendering point 
sampling strategy based on a probabilistic heatmap. 
Specifically, two convolutional modules are added to the 
enhanced crack feature map to generate a refined crack 
pixel probability heatmap. Rendering points are guided by 
identifying pixels with high uncertainty in predicted 
values on the probability heatmap. Based on the 
probability, pixels on the heatmap can be roughly divided 
into three areas: pixels with probabilities close to 0 and 1 
represent background and crack body, which are easily 
recognized by the network; pixels with probabilities 
around 0.5 represent areas of minute cracks or boundaries 
that are difficult for the model to determine with certainty. 
During the inference phase, for pixel areas on the 

probability heatmap with probabilities close to 0 and 1, 
the corresponding background and crack labels are 
directly used to represent the final prediction values, 
eliminating the need for further refined rendering. 
However, for pixel areas with probabilities around 0.5, 
refined rendering is required to further refine these 
ambiguous predictions. The refined rendering points are 
uniformly distributed in these hard-to-identify pixel areas. 
It is important to note that the probabilistic heatmap is 
used instead of the coarse segmentation results from the 
original PointRend architecture because the enhanced 
crack feature map used to obtain the heatmap is unified in 
size according to the second block of ResNet. It retains 
more details of minute cracks with only one 
downsampling compared to the original coarse 
segmentation and requires less computational resources 
than coarse segmentation. To visually represent the 
refined rendering point sampling method during the 
inference phase, Figure 4 displays a visualization of a 
randomly selected probabilistic heatmap example. On the 
heatmap, probabilities in the background and main body 
of the crack are concentrated near 0 and 1, respectively, 
while in the boundary area, due to issues like manual 
annotation errors and insignificant color differences, the 
probabilities of pixels fluctuate around 0.5. This study sets 
the probability range for these hard-to-identify pixels 
between 0.3 and 0.7, and in the subsequent refined 
rendering phase, only samples with probabilities between 
0.3 and 0.7 undergo refined inference. The parameter 
settings for sampling points during the training and 
inference phases will be detailed in subsection 3.3.2. 

Figure 4: Visualization of the sampling points that require 
refined rendering during the inference phase 

Experimental Setup and Results 
Dataset 
The CFD (Shi et al., 2016), Crack500 (Yang et al., 2019), 
and Deepcrack537 (Zhou et al., 2022) were chosen for 
model training. The crack images in these three datasets 
almost encompass most crack forms in engineering 
structures and include crack samples collected under 
different lighting conditions, which is beneficial for 
enhancing the model's robustness. Importantly, these 
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three datasets all have finely annotated pixel-level labels, 
which are helpful for accurately evaluating the advantages 
of the algorithm proposed in this study in terms of 
boundary refinement segmentation. It is noteworthy that 
before training the model, images from the three datasets 
were uniformly resized to 256 × 256 pixels to facilitate 
uniform training input and save computational resources 
required for training. In total, 1200 resized crack images 
from the three open-source datasets were used, including 
900 training samples, 150 validation samples, and 150 test 
samples.  
Furthermore, a total of 60 crack images were collected in 
the urban area of Changsha, as shown in Figure 5, to test 
the segmentation performance of CBPRN on HR crack 
images. 

Figure 5: Details of establishing the high-resolution crack 
image dataset with pixel-level annotations 

Implementation Details and Metrics 
Training Hyperparameters: The experiments were 
conducted on a system equipped with an i9-9820X CPU 
and two NVIDIA RTX 3090 Ti GPUs, running Ubuntu 
20.04, and the network model was implemented within 
the PyTorch framework. The total number of iterations 
was set to 1000 epochs, with a batch size of 16. The initial 
learning rate was set at 0.01, using a warming-up strategy 
for the first 100 epochs followed by a poly learning rate 
decay strategy with a decay rate of 0.9. Additionally, to 
ensure the global optimum of the loss function can be 
obtained during training, Adam optimizer, which 
combines the advantages of momentum and RMSprop, 
was used with a momentum of 0.9 and a weight decay of 
1×10-4. With these parameters, the preliminary model 
trained on the low-resolution open-source crack dataset 
was further fine-tuned using field-collected crack images. 
Evaluation Metrics: Two common metrics were chosen 
for quantitative assessment of the experimental results: 
mean Intersection over Union (mIoU) and Dice Similarity 
Coefficient (Dice). Additionally, to highlight the 
performance of the proposed method in boundary areas, 
Mean Boundary Accuracy (mBA) was used as an 
additional evaluation metric. The core concept of mBA 
involves calculating the IoU between the Ground Truth 

(GT) and the predicted mask within the boundary area 
(Cheng et al., 2020). 

Ablation Study 
Ablation study for the point rendering-based 
prediction head: To fully illustrate the advantages of 
performing fine-grained crack mask using the point 
rendering method, a performance comparison was first 
made between the proposed decoding architecture and the 
traditional decoding architecture based on multiple 
convolutional layers and upsampling operations. The 
relevant experimental results are listed in Table 1. From 
the first two rows of Table 1, it can be seen that the point 
rendering-based decoding architecture has achieved 
improvements in mIoU, Dice, and mBA compared to the 
traditional decoding architecture, with the most 
significant improvement observed in mBA, reaching 
86.78%. This is because the MLP in the point rendering-
based decoding architecture is position-sensitive, 
calculating the prediction value for each pixel 
independently. Therefore, it can flexibly capture details 
and spatial relationships in crack images. In contrast, the 
traditional upsampling-based decoding architecture is 
limited by discrete feature sampling and struggles to 
capture local crack details. 
After demonstrating the superiority of the proposed 
decoding architecture, parameter performance 
experiments need to be conducted to obtain the optimal 
parameters matching the model architecture. Since the 
training and inference stages use distinct fine-grained 
rendering point sampling methods, as described in Section 
2.2, the following two sets of parameter performance 
experiments are conducted to obtain relatively optimal 
point sampling parameters for both the training and 
inference processes. 
Point sampling study in the training phase: It is 
necessary to emphasize again before conducting 
parameter experiments that the regions most likely to have 
erroneous predictions are mainly concentrated at the 
boundaries and their adjacent areas, because these regions 
often have colors and contrasts similar to those of nearby 
cracks in RGB images. However, if the training point 
sampling is carried out as shown in Figure 3, where only 
a one-pixel-wide edge area is used for boundary guidance, 
it may not be possible to avoid the biasing guidance 
caused by the subjective nature of human annotation, 
resulting in errors between the true boundary and the 
labeled boundary. To avoid the negative impact of 
erroneous guidance on the model during training, it is 
necessary to expand the guided boundaries. Specifically, 
in this study, simple morphological operations were used, 
with the outermost pixels of the crack label as the center 
of dilation, and dilation operations were performed with 
the same dilation factor towards the background area and 
inside the crack. Considering the image size and the 
average pixel width of cracks in the training dataset, four 
different edge dilation coefficients were used to expand 
the boundary region. As shown in Figure 6, the widths of 
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the expanded boundary regions (yellow outlined areas) 
after dilation are 1, 3, 5, and 7, respectively. The total 
number of sampling points on each training image is 𝑁𝑁 =
𝐻𝐻×𝑊𝑊
20

, distributed randomly in the background, expanded 
crack edges, and inside the cracks at proportions of 30%, 
40%, and 30%, respectively. 

Figure 6: Visualization of boundary region-guided sampling 
with different dilation coefficients during the training phase 

The set No.2 to set No.5 in Table 1 provide statistics on 
the performance of the model, which was trained in the 
training phase using four different widths of expanded 
boundaries for guiding sampling points. It can be 
observed that the model performs best when the dilation 
coefficient is 2 (corresponding to a boundary region width 
of 5), with mIoU, mBA, and Dice reaching 86.49%, 
90.52%, and 88.54%, respectively. This best performance 
occurs due to the fact that the manual labeling bias range 
in the crack training dataset used in this study falls within 
this interval. Combining the experimental results in Table 
2 with the visual effects of the probability heatmaps in 
Figure 4, the following conclusions can be drawn: dilation 
coefficients that are too low (0 or 1) or too high (3) result 
in improved performance compared to no dilation, but 
they respectively lead to insignificant improvements due 
to the inability to fully encompass error boundaries in the 
sampling region or the dispersion of computational 
resources beyond the error interval. Specifically, when the 
dilation coefficient is 0 or 1, the dilated boundary region 
is not sufficient to encompass the bias generated near the 
boundary during manual labeling. When the dilation 
coefficient is 3, the crack's main region and too many 
background regions without artificial labeling errors are 
included as ambiguous boundary regions requiring fine 
sampling. These unnecessary simple sample regions take 
away computational resources that should belong to the 
ambiguous boundary regions, thereby reducing the 
model's learning and representation capabilities for 
ambiguous boundary regions, resulting in a very limited 
improvement in recognition accuracy brought by 
boundary-guided sampling. 
Point sampling study in the inference stage: In order to 
effectively improve the model's fine-grained inference 
performance in the boundary regions while saving 
computational efficiency, it is necessary to determine 

reasonable probability intervals for areas with uncertain 
prediction results concentrated around 0.5 on the 
probability heatmaps. A larger probability interval 
implies the need to sample more probability points for 
fine-grained rendering, which increases precision but 
significantly increases computational redundancy in the 
inference process. Conversely, a too small probability 
interval, while speeding up inference, may lead to 
ineffective fine-grained rendering of many tiny cracks and 
boundary details, seriously affecting the final recognition 
accuracy. 
Specifically, two probability parameters need to be set: 
the critical probability value α between background pixels 
and boundary regions on the coarse prediction probability 
map, and the critical probability value β between 
boundary regions and crack pixels. For the critical 
probability value α between background and boundary 
regions, this study sets three different probability 
parameters: 0.2, 0.3, and 0.4. Similarly, for the critical 
probability value β between boundary regions and crack 
pixels, three different probability parameters are also set: 
0.6, 0.7, and 0.8. By defining these nine different 
probability interval ranges based on the two types of 
critical probability values, the boundary regions are 
categorized. Table 2 provides statistics on the inference 
results of the models that use these 9 different probability 
intervals for sampling on the test dataset. 
From Table 2, it can be seen that the models from Set No. 
4, 5, and 6 (i.e., background region probability range 
between 0 and 0.3) achieved relatively better accuracy 
than other models. This is because, compared to the 
sampling groups with the background region probability 
range set between 0 and 0.4, the sampling methods under 
these three parameter settings encompass a wider 
background sampling area, which is more helpful in 
repairing some tiny crack details that were not detected in 
the background. At the same time, the sampling groups 
with the background region probability range set between 
0.0 and 0.2 classified too many pixels originally 
belonging to the boundary region as background pixels, 
causing ambiguous boundary regions to be unable to 
achieve precise boundary detail repair due to insufficient 
sampling points, thus resulting in relatively lower mBA. 
In addition, by comparing the model performance from 
Set No. 4 to 6, it can be observed that when the critical 
probability of crack internal area is set to 0.7, the model's 
inference accuracy is the highest, with mIoU, Dice, and 
mBA reaching 87.23%, 93.56%, and 89.59%, 
respectively. 
Finally, the sampling parameter configuration set by Set 
No. 6 is adopted as the optimal inference stage sampling 
parameters to control the model's subsequent 
experiments.  

Performance Comparison between CBPRN and the 
Traditional PointRend Model 
Considering that the CBPRN is built based on the original 
PointRend model and is specifically designed for crack 
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segmentation, with the main improvement being the 
introduction of a fine-grained boundary point rendering 
sampling method based on the fine-grained probability 
heatmap in the inference phase. In order to further 
demonstrate the effectiveness of this approach, which 
involves fine-grained point sampling guidance based on 
the probability heatmap in the inference phase, in 
comparison to the traditional approach of fine-grained 
point sampling guidance based on coarse segmentation, 
this section compares the segmentation results of the 
original PointRend using different sources of coarse 
segmentation on high-resolution images collected in 
Section 3.1 with the corresponding results obtained by the 
method proposed in this study. 
Specifically, the authors selected five mainstream deep 
learning segmentation architectures with varying levels of 
segmentation accuracy, including FCN-18, UNet, 
DeepLabV3+, PSPNet, and RefineNet, as the generating 
networks for the coarse segmentation required when the 
original PointRend architecture performs predictions. In 
contrast, the method proposed in this study uses 
probability heatmaps proposed based on enhanced crack 
features extracted by the encoder and the boundary 
guidance branch to perform boundary point sampling 
guidance for the fine-grained prediction head based on 
point rendering. 
It is worth noting that all coarse segmentation 
architectures and fine-grained segmentation networks 
were trained with default optimal parameters in the same 
deep learning framework with the same configuration. 
Additionally, when using the trained coarse segmentation 
models for prediction, all high-resolution images were 
proportionally scaled down to have a long edge of 900 
pixels to avoid issues related to GPU memory overflow 
caused by excessively high original resolutions. 
The experimental results are shown in Table 3. From the 
table, it can be observed that there are significant 
differences in the prediction results generated by different 
coarse segmentation mask generation architectures, with 
differences in mIoU, mBA, and Dice ranging from 2.92%, 
3.06%, to 2.36%, from the lowest accuracy of FCN-18 to 
the highest accuracy of RefineNet. However, after 
applying the original PointRend model for the refinement 
process, the differences between the fine-grained 
prediction results become less pronounced, with mIoU, 
mBA, and Dice for all five experimental groups 
fluctuating within the intervals of 83.30±0.09%, 
87.14%±0.16%, and 85.27±0.06%, respectively. These 
results indicate that the PointRend refined segmentation 
method is indeed independent of specific coarse 
segmentation masks and exhibits good robustness to 
coarse-grained features from different coarse 
segmentation architectures. However, when comparing 
the final experimental results with the best-performing 
coarse segmentation results based on RefineNet within 
the PointRend group, it can be observed that the method 
guided by probability heatmaps further improves the 
segmentation accuracy. It can be noted that among the 

three improved metrics, mBA shows the most significant 
improvement, which is more than twice the improvement 
in mIoU and Dice, reaching 6.27%. This outstanding 
robust performance is largely attributed to the 
introduction of the edge-guided branch in the feature 
extraction stage of this study, which preserves sufficient 
information about small cracks and crack boundaries in 
the enhanced crack features used to generate probability 
heatmaps. This enables the pixels in these detail areas to 
be detected during inference and finely represented 
through point-wise dense rendering. Additionally, it 
should be noted that CBPRN, by avoiding the guidance of 
coarse segmentation from external sources and based on 
a customized non-uniform inference point sampling 
method, surpasses the original PointRend in inference 
speed by more than twice on average, achieving 13.45 
FPS. To further demonstrate the effectiveness of the 
above conclusions, Figure 7 provides visualizations of the 
test results for five randomly selected high-resolution 
crack images collected in the field. It is evident that the 
inference model guided by probability heatmaps proposed 
in this study outperforms any fine-grained rendering 
method guided by coarse segmentation masks in terms of 
crack edge recognition accuracy and sensitivity to tiny 
cracks. 

Figure 7: Visualization of fine-grained segmentation results of 
the PointRend architecture guided by different coarse 
segmentation masks and CBPRN guided by probability 
heatmaps 

Conclusions and Future Work 
In this study, a HR crack image fine-grained segmentation 
architecture named CBPRN is proposed. For the first 
time, rendering techniques from computer graphics are 
introduced into HR crack image segmentation tasks. 
Through three customized improvements, the originally 
designed point rendering technique for natural scene 
objects is adapted to effectively perform crack 
segmentation with fine-grained boundaries. The 
proficiently trained CBPRN attains a remarkable 
inference speed of 13.45 FPS, yielding mIoU and mBA 
scores of 87.23% and 93.56%, respectively, along with a 
Dice score of 89.59%. This performance was 
demonstrated on crack images exceeding 2K resolution, 
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thereby establishing CBPRN as the current state-of-the-
art benchmark in this domain. 
In future, the implementation of model pruning and 
quantization techniques will be advanced to facilitate the 
lightweight deployment of CBPRN on the UAV, aiming 

to provide bridge maintenance departments with a more 
reliable and secure method for conducting bridge crack 
detection in practical engineering scenarios. Additionally, 
this method can be adopted to the hydropower projects, 
similarly to detect the defects of dam structures. 

Table 1: Performance comparison of traditional decoding architecture and the proposed point-rendering-based fine-grained 
prediction head in models trained with different parameterized feature point sampling strategies 

Set No. Decoding architecture 

Sampling point 
extraction method 

for the training 
phase 

Dilating 
coefficient 

Width of the 
boundary area after 

dilating 
IoU(%) mBA(%) Dice(%) 

1 Traditional convolution and 
upsampling operations Uniform sampling / / 85.54 88.67 87.31 

2 

Fine-grained prediction head 
based on point rendering 

Boundary guided 
sampling 

0 1 85.98 89.60 87.76 
3 1 3 86.12 89.94 88.03 
4 2 5 86.49 90.52 88.54 
5 3 7 85.76 89.09 87.50 

Table 2: Comparison of inference performance obtained by different boundary probability ranges 

Set No. 

Probability 
range for 

background 
area 

Probability 
range for 

boundary area 

Probability 
range for 

crack internal 
area 

IoU(%) Dice(%) mBA(%) 

1 （0.0,0.2） （0.2,0.6） （0.6,1.0） 86.53 90.69 88.58 

2 （0.0,0.2） （0.2,0.7） （0.7,1.0） 86.98 92.47 89.12 

3 （0.0,0.2） （0.2,0.8） （0.8,1.0） 86.49 90.52 88.54 

4 （0.0,0.3） （0.3,0.6） （0.6,1.0） 86.78 91.12 88.80 

5 （0.0,0.3） （0.3,0.7） （0.7,1.0） 87.23 93.56 89.59 

6 （0.0,0.3） （0.3,0.8） （0.8,1.0） 86.61 90.98 88.91 

7 （0.0,0.4） （0.4,0.6） （0.6,1.0） 86.51 90.58 88.49 

8 （0.0,0.4） （0.4,0.7） （0.7,1.0） 86.89 92.12 88.99 

9 （0.0,0.4） （0.4,0.8） （0.8,1.0） 85.89 89.76 87.87 

Table 3: Comparison of the refined segmentation results on HR images collected onsite between the proposed probability heatmap-
guided method and the original pointrend architecture guided by different coarse segmentation masks 

Meticulous 
segmentation 
architecture 

Source of the boundary sampling guidance 
Coarse segmentation 

accuracy (%) 
Refined segmentation 

accuracy (%) 

Total 
inference 

speed 

mIoU mBA Dice mIoU mBA Dice FPS 

PointRend 
Coarse 

segmentation 
guidance 

FCN-18 78.36 79.25 81.37 83.21 86.98 85.21 7.83 
UNet 79.47 80.09 82.46 83.30 87.11 85.24 5.77 

DeepLabV3+ 80.36 80.34 82.60 83.33 87.14 85.28 3.65 
PSPNet 80.65 81.79 82.88 83.37 87.26 85.31 4.21 

RefineNet 81.28 82.31 83.73 83.38 87.29 85.33 3.49 

CBPRN Probability heat 
map guidance 

Probability interval ∈
[0.3,0.7] / 87.23 93.56 89.59 13.45 
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Abstract 

To improve the energy efficiency of the large existing 
building stock, there is a need for decision-support to 
determine optimal solutions considering different 
objectives. In the study, it is aimed to find appropriate 
optimization methods through their hyperparameter 
optimization that will support designers at the early design 
stage of a building refurbishment project for 
environmental and economic sustainability. For this, 
NSGA-II, NSGA-III, C-TAEA, RVEA were investigated 
with a case study on residential buildings. The first three 
methods were observed to give limited renewal proposals, 
while RVEA provided diversified renovation scenarios 
with its models’ features open to preference related to this. 

Introduction 

In energy efficient buildings, it is important to achieve 
simultaneously high performance in all aspects, even when 
dealing with conflicting goals. Studies for comfortable 
and energy efficient buildings address various objective 
functions such as energy consumption, thermal comfort 
and economic benefit indicators as single, multi or many 
objective/s. In addition, the differences in building functions 
(e.g., housing, office), decision variables (e.g., building 
form parameters, envelope) or constraints (e.g., budgets, 
thermal comfort conditions) in the optimization studies 
have resulted in datasets with a wide variety of features 
(Motlagh et al., 2021). Optimization methods suitable for 
problems with such different characteristics have also varied. 
In comparative evaluation studies conducted to find the 
appropriate optimization method for the problem at hand, 
different methods have yielded superior performance 
results. To find the optimal design solutions for a passive 
building with a green roof for instance, six optimization 
algorithms [Multi-Objective Evolutionary Algorithm based 
on Decomposition (MOEA/D), Non-dominated Sorting 
Genetic Algorithm (NSGA)-II, NSGA-III, Multi-objective 
Particle Swarm algorithm (MOPSO), multi-objective 
dragonfly algorithm (MODA), Multi-objective ant lion 
optimization algorithm (MOALO)], were compared and 
MOALO algorithm was reported to lead to the best pareto 
front (Lin et al., 2021). In another study on minimizing the 
building energy consumption, CO2 emission, and indoor 
thermal discomfort degree, an Adaptive Evolutionary 
Algorithm based on Non-Euclidean Geometry for the 
Many-Objective Optimization (AGE-MOEA), compared 
to the other four popular multi-objective optimization 
methods [NSGA-II, NSGA-III, MOEA/D, Constrained 
multi-objective optimization (C-TAEA)], was found to 
identify a set of pareto optimal solutions with a maximum 
optimization rate of 13.43% (Shen and Pan, 2023). A study 
to optimize the life cycle performance of the building on 

the other hand, compared NSGA-II, NSGA-III, and C-
TAEA; and C-TAEA was the best bringing a reduction for 
the life cycle carbon emissions by 34.7%, for the life cycle 
costs by 13.9%, and for the indoor discomfort hours by 
26.6% (Chen et al., 2023). In a study to be a reference for 
retrofit planners, the comparison of NSGA-II, MOPSO, 
MOEA/D, and NSGA-III showed that NSGA-III derives a 
comprehensive set of trade-off alternatives from possible 
retrofit scenarios (Son and Kim, 2018). 
This study, therefore, aimed to find appropriate multi-
objective optimization methods to support decision-
making at the early design stage for thermal refurbishment 
through the building envelope to improve the energy 
efficiency of existing buildings considering both economic 
and environmental sustainability dimensions, which are 
sometimes conflicting. For this purpose, the optimization 
results of different methods were evaluated comparatively 
taking existing residential buildings in Istanbul as a case. 
In the paper, the information related to the application is 
given in the 'Methodology' section, and the detailed 
results are given in the 'Result and Discussion' section. 

Methodology 

The study consisted of three main steps: (1) case study and 
the multi-objective optimization problem definition, (2) 
optimization method selection, and (3) optimization study 
and evaluation of results (Figure 1). The studies carried out 
in these steps are explained in the following subsections. 

Step 1: Case study and the multi-objective 

optimization problem definition 

For the case study, the data given in Cetiner and Edis’ (2011) 
study was decided to be used. That study was carried out to 
develop an environmental and economic sustainability 
assessment method regarding the improvements at the scale 
of building elements to reduce the use phase heating energy 
consumption of existing residential buildings in Istanbul 
(Cetiner and Edis, 2014). Environmental and economic 
sustainability scores were calculated based on the gain rate 
calculated by comparing the results of refurbished buildings 
with that of the base existing building condition obtained by 
EnergyPlus and SimaPro tools. Production, construction, and 
use periods were considered as building life cycle stages. For 
these phases, the environmental impact was calculated based 
on emissions and solid/liquid waste; the economic impact 
was calculated considering the cost based on the required 
water, material, energy (heating, cooling, transportation, and 
application), labor, and equipment. Design variables and 
objective functions, and their value ranges are given in Table 
1. The distribution of the whole data by building age and by
the element that would be thermally refurbished concerning
their economic and environmental sustainability scores are
given in Figure 2.
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Step 1: 

3.a: Application of frequently used 
optimization methods.

3.b: Application of a relatively less 
used optimization  method for the 
relevant problem: RVEA

NSGA-II, 
NSGA-III, 
C-TAEA

Limited optimal solutions and 
variable values to support decision 
making

RVEA Increase of optimal solutions,slightly 
unstable distribution of pareto front

Variables- level 1 Variables- level 2 Ranges 
Building Building age - 15, 20, 25, 30 

Plan type- floor area Rectangular plan ca. 230 sqm, and ca. 420 sqm 
Square / close to square plan ca. 210 sqm, and ca. 400 sqm 

Orientation Rectangular plan Long sides facing East and West, 
Long sides facing North and South 

Square / close to square plan Main orientations only 
Envelope Window-to-wall ratio - 10%, 20%, 30% 

Window frame materials/ 
glass and glazing type - Wooden/ clear single glass, PVC/ clear double 

glass 
Element thermally 
refurbished - Insulation 
material and window 
frame (if specified) used 

Floor over unheated spaces 
(uninsulated in base cases) EPS, Stone wool, XPS 
Roof (uninsulated in base cases) Glass wool 
Exterior wall and projected floor 
(uninsulated in base cases) EPS, Stone wool, XPS 
Window frame (wood frame 
with clear single glazing in base 
cases) 

Wood frame/double glazing, PVC 
frame/double glazing 

All of the abovementioned 
elements 

Group 1 
(wood frame with clear 
single glazing in the base 
cases) 

EPS and wood frame/double glazing, 
EPS and PVC frame/double glazing, 
Stone wool and wood frame/double glazing, 
Stone wool and PVC frame/double glazing, 
XPS and wood frame/double glazing, 
XPS and PVC frame/double glazing 

Group 2 
(PVC frame with clear 
double glazing in the base 
cases) 

EPS and PVC frame/double glazing, 
Stone wool and PVC frame/double glazing, 

XPS and  PVC frame/double glazing 

Objective 
functions 

Environmental 
sustainability score (0, 65) 

Economic sustainability 
score (-50, 38) 

Total sustainability score (-39, 102) 

Figure 1: Research framework 

Table 1: Design variables and objective functions, and their value ranges 
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Distribution of ‘building age’.  Distribution of ‘element thermally refurbished’ 

Colors used for ‘building age’ 
15 years old 20 years old 25 years old 30 years old 

Colors used for ‘element thermally refurbished’ 
Floor above 
unheated 
spaces roof  

  Roof Exterior wall 
and projected 
floor 

Window 
frame and 
glazing 

All elements 
mentioned on 
the left side 

Figure 2: Distribution of the data by building age and element thermally refurbished 

The multi-objective optimization study aimed to 
maximize environmental and economic sustainability 
scores for the two-objective functions; and, to maximize 
the total sustainability score (sum of environmental and 
economic sustainability scores) added to them for the 
three-objective functions. For the purpose of supporting 
the designer at the early design stage, building variables 
(building age, plan type, and orientation) were used as 
controlled variables in the study. This setup brought a 
total of 24 data sets with a population size of 75 for each. 

Step 2: Optimization method selection 

First, the methods that were observed to be frequently 
used in the literature were selected for the application. 
After the application of methods, the results were 
observed to be insufficient in terms of decision support 
performance. For this reason, another research study 
was conducted to select another optimization method 
suitable for this problem. 
NSGA-II and NSGA-III are among the most frequently 
used methods in the studies (Pan et al., 2023; 
Hashempour et al., 2020; Shi et al., 2016). NSGA-II is a 
method that was designed based on a genetic algorithm, 
and a modified mating and survival selection calculation 
is applied, additionally (Deb et al., 2002; Blank and Deb, 
2020). NSGA-III, developed from NSGA-II, specializes 
in many-objective optimization (Deb and Jain, 2014; 
Jain and Deb, 2014). C-TAEA, one of the state-of-the-art 
methods, is also increasingly used in studies and shows 
competitive performance in comparative evaluations of 
algorithms (Chen et al., 2023; Zhan and Huang, 2024; 
Picard and Schiffmann ,2021; Tian et al., 2021; Tian et 
al., 2022; Chen et al., 2024). It utilizes convergence-
oriented archiving (CA) and diversity-oriented 
archiving (DA). Driving the population to the feasible 
area and approaching the Pareto front is primarily the 

responsibility of CA as the main force. To explore the 
area of CA development, DA is used as a supplement. 
The evolutionary state of CA and DA was used to select 
mating parents during reproduction (Li et al., 2019). For 
the optimization study, these three methods were 
selected considering their frequently usage. 
Following their application and the assessment of their 
results, Reference Vector Guided Evolutionary 
Algorithm (RVEA) was then selected to be assessed as 
an alternative method. In RVEA method application, a 
scalarization approach known as angle penalized 
distance (APD) is proposed to measure the distance of 
the solutions to the ideal point and the closeness of the 
solutions to the reference vectors; this could be used as 
a diversity measure or a degree of satisfaction to the 
preferences (Cheng et al., 2019). An adaptation strategy 
is to adjust the distribution of reference vectors 
dynamically according to the scales of objective 
functions. 

Step 3: Optimization study and evaluation of results 

In the optimization applications with the selected 
methods, the pymoo framework was used (Blank and 
Deb, 2020). As aforementioned, due to the need for a 
new method search and application in relation to the 
limited number of refurbishment scenarios obtained 
with the initially selected methods, this step consisted of 
two sub-steps, which are detailed below. In each of these 
sub-steps, hyperparameter optimization and evaluation 
of the obtained optimal solutions in terms of decision 
support were carried out.  

3.a: Application of frequently used optimization

methods

In the study, NSGA-II method was used for two-
objective functions. NSGA-III and C-TAEA methods 
were used both for two and three-objective functions.  
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The hyperparameter values that control the optimization 
process were selected based on the performance 
evaluations made in other studies. The hyperparameters 
evaluated in this study and their values and explanations 
are as follows: 
● Das-Dennis and Riesz s-Energy options were

selected for hyperparameter optimization for the
reference directions (ref_dirs), which need to be
defined for models with three-objective functions.
These reference directions consist of a set of
predefined reference points to guide the
evolutionary search, and help to produce diverse
and well-distributed solutions on the Pareto front.
While Das-Dennis requires the use of more
structured point sets and dimensions, Riesz s-
Energy was developed to solve this problem (Ma et
al., 2021).

● Termination Criterion (n_gen) is the parameter that
determines when to terminate an algorithm run. For
the hyperparameter optimization study, 250, 500,
1000, and 1500 values were studied (Rohit et al.,
2021; Blank and Deb, 2020).

● Crossover operators were used to generate the
offspring for all optimization models in the study
(Katoch et al., 2021). For this purpose, Simulated
Binary Crossover (SBX) was applied. SBX is a
real-parameter recombination operator, and the
spread of offspring solutions is determined by the
operator's parameter in relation to their parent
solutions (Deb et al., 2007). For all optimization
studies related to this operator, the probability of
SBX is set as 0.5 for two objectives, and as 1 for
three objectives (Deb et al., 2007; Blank and Deb,
2020). For the hyperparameter optimization study,
mutation probability (mut) values of 0.1, 0.2, and
0.3 were studied by keeping eta value constant at
30.

● Random sampling was used for unbiased
representation of populations (Blank and Deb, 2020).

For all optimization studies, hyperparameters were 
optimized for the dataset that had 15-year-old buildings 
with rectangular plans of ca. 230 sqm, where long sides 
were facing east and west.  Hyperparameter search space 
and settings selected accordingly are given in Table 2. 
For the first group of methods, mostly, values that will 
take less calculation time have been chosen because 
different parameter configurations did not produce any 
change in the results. NSGA-III produced mostly the 
same solutions as other methods, but for certain datasets, 
they were less than others. Therefore, hyperparameter 
setting determination criteria for this method were 
decided to be as giving the optimal solutions being the 
same as the optimal solutions obtained in all other 
methods. 
Following the hyperparameter optimization, 
optimization studies were done for all data sets with the 
selected hyperparameter values. These optimization 

studies done with the selected methods led to limited 
optimal solutions and limited design scheme proposals 
to support decision-making (Figure 4), and these are 
given in detail and discussed in the 'Results and 
Discussion' section. 
Table 2: Hyperparameter search space and parameter values 

selected from it for optimization models (Note: values shown 

in bold provided better results, others made no difference in 

solutions with different settings) 

Objective numbers and 
optimization methods 

Hyperparameter search space, and 
the parameter values chosen for 
the related methods. 

Generation Mutation Reference 
direction 

250, 500, 
1000, 1500 

0.1, 
0.2,0.3 

Das-
Dennis, 
Riesz s-
Energy 
(energy) 

2 NSGA-II 250 0.1 - 
objectives NSGA-III 250 0.1 energy 

C-TAEA 250 0.1 energy 
3 NSGA-III 250 0.1 energy 

objectives C-TAEA 250 0.1 energy 
RVEA 500 0.2 energy 

3.b: Application of a relatively less used

optimization method: RVEA

Because of the limited optimal solution obtained in the 
previous step, RVEA, in which the Pareto front result 
can be determined depending on the user preference, 
was chosen to be used. 
The hyperparameter search space and parameters were 
chosen the same as in the application of previous 
methods. Compared to the results of all previous 
optimizations in this study, changes in the 
hyperparameter settings were observed to have a 
significant impact on the Pareto front distribution for 
RVEA. In response to this, hypervolume (mean and 
standard deviation) and Pareto front were used as 
criteria for the hyperparameter value selection in the 
RVEA application. The Pareto front was evaluated by 
expecting to have a distribution that is concentrated as 
close to the ideal point as possible depending on the 
objective functions without any outlier in the 
distribution. Regarding this, hyperparameter value 
settings and corresponding hv values (mean and 
standard deviation) obtained by RVEA are given in 
Table 3 and three Pareto front graphs obtained by 
specific hyperparameter settings are given in Figure 3. 
Considering pareto front, n_gen is more effective during 
hyperparameter optimization, since it operates for the 
optimization of the distance of the solutions to the ideal 
point and the closeness of the solution for APD in 
RVEA. Additionally, compared to the other methods in 
Step 3.a, an increase in optimal solutions was also 
observed. Yet, the Pareto front distribution was slightly 
unstable. 
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Hyperparameter settings: 
n_gen: 500, mut:0.2, ref_dirs: energy 

Hyperparameter settings: 
n_gen: 1000, mut: 0.3, ref_dirs: energy 

Hyperparameter settings 
n_gen:1500, mut:0.1, ref_dirs: das-dennis 

Figure 3: Pareto front obtained by RVEA with specified hyperparameter settings for the dataset that had 15-year-old buildings with 

rectangular plans of ca. 230 sqm, where long sides were facing east and west only 

Table 3: Hyperparameter value settings and corresponding 

hv values (mean and standard deviation) obtained by RVEA 

n_gen mut ref_dirs hv(mean) hv(std) 
250 0.1 das-dennis 3.349152 0.0 

energy 3.349152 0.0 
0.2 das-dennis 3.349152 0.0 

energy 3.354702 8,90E-10 
0.3 das-dennis 3.349152 0.0 

energy 3.349152 0.0 
500 0.1 das-dennis 3.349152 8,89E-10 

energy 3.356645 8,89E-10 
0.2 das-dennis 3.349152 8,89E-10 

energy 3.34602 0.0 
0.3 das-dennis 3.349152 8,89E-10 

energy 3.34915 8,89E-10 
1000 0.1 das-dennis 3.349152 8,89E-10 

energy 3.34602 8,89E-10 
0.2 das-dennis 3.349152 8,89E-10 

energy 3.349152 8,89E-10 
0.3 das-dennis 3.349152 8,89E-10 

energy 3.356645 8,89E+05 
1500 0.1 das-dennis 3.349152 0.0 

energy 3.356645 0.0 
0.2 das-dennis 3.349152 0.0 

energy 3.356645 0.0 
0.3 das-dennis 3.349152 0.0 

energy 3.356645 0.0 

Results and discussion 

The optimization methods applied within the scope of 
the study gave different results in terms of the diversity 
and stability of optimal solutions. 
The first group of methods that is commonly used in 
literature, together with the dataset with a limited Pareto 
front solution caused by the data distribution depending 
on the objective functions in this study, gave very 
precise results that did not show any difference with 
different hyperparameter values in the optimization of 
the methods. The Pareto front obtained by this first 
group of methods resulted in two optimal solutions for 
each of the 24 datasets one of which is shown in Figure 
4, and these results provided only three design options 
as presented in Figure 5.   
These design options were all for the building envelopes 
with a 10% window-to-wall ratio (WWR) and wooden 
window frame, except for an option with a 20% WWR, 

and only the renewal by thermally refurbishing 'all 
elements' came up for all.  When evaluated through the 
graph, it can be concluded that these methods give 
accurate results regarding the optimum renewal 
solution. However, those results provided no other 
alternative solutions for refurbishment projects for 
instance with a limited budget where an option for 
renewing a single building element would therefore be 
more preferable. This situation was considered to be an 
issue that would limit the designer’s decisions 
considerably. 
To obtain more alternative design options, the use of 
RVEA, where user preferences are effective, has been 
tried. The optimum results obtained with that method 
not only include the Pareto front but also include 
feasible options further inside of the periphery (Figure 
4). Results were obtained above the average of the 
economic sustainability score, and the environmental 
sustainability score ranged from a minimum of 3 to a 
maximum of 64. 
Regarding the decision-support for the designer at the 
early design stage, optimal solutions obtained by RVEA 
provided diversified thermal refurbishment options. 
Design schemes corresponding to these optimal 
solutions given in Figures 5 and 6 show that: 
● Renewal through all elements was the most

proposed design by RVEA, same with the first
group of methods because this option was the only
one where the corresponding results for the values
regarding the economic sustainability scores are the
highest (Figure 2). Yet, depending on the budget,
options for thermally refurbishing an individual
element (i.e., ‘roof’, ‘window’, or ‘exterior wall and
projected floor’) came up too.

● Options for 10% WWR and wooden frames were
recommended more frequently. However, when the
WWR of the building with a wooden window frame
increased to 20% or 30% and refurbishment of all
elements was preferred, replacing wood with a PVC
frame was the only recommendation.

● More options were proposed for rectangular
planned buildings than square alternatives.
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Methods: NSGA-II, NSGA-III, C-TAEA for 2 objectives, and C-TAEA for 3 objectives 

Method: RVEA for 3 objectives 

Colors used for ‘building age’ 
15 years old 20 years old 25 years old 30 years old 

Figure 4: Optimal solutions for the dataset that had 15-year-old buildings with rectangular plans of ca. 230 sqm, where long sides 

were facing east and west only (left), and all optimum solutions obtained with all sets colored according to building age (right) 

Colors used for ‘building age’ 
 15 years old 20 years old 25 years old 30 years old 

Symbols used for ‘plan type’ 
 Rectangular plan ◼ Square / close to square plan

(n=…): the number of data sets for which the corresponding configuration is recommended  
*: Group 1 methods include those used for 2 objectives (i.e., NSGA-II, NSGA-III, C-TAEA), and 3 objectives (i.e., C-TAEA). 
**:  the related design schemes are optimum options for 18 datasets with NSGA-III for 3 objectives. 

Figure 5: Variable values corresponding to optimal solution 
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Colors by ‘Total sustainability score’ 
Score between ‘80-100’ Score between 60-80 
Score between ‘0-60’ Score under 0 
Figure 6: Optimum design scheme with RVEA (colored depending on the value of ‘Total sustainability score’) 

● For 30-year-old buildings, designs for 20% and
30% WWRs have been less commonly
recommended even with RVEA.

● In addition to XPS, which was the only insulation
material recommended by the first group of
methods, EPS has become a frequently
recommended option with the use of RVEA in the
cases of replacement of all elements for all building
ages and in all plan types. However, it was not
recommended in the case of the replacement of any
single element.

● There were some solutions which RVEA gave as
the optimal solution to maximize objective
functions, but they correspond to low economic
values (values specified as under 0 in Figure 6), and
therefore they can be considered incorrect. These
were the options in which the window frames of 30-
year-old buildings with 20% and 30% WWR were
renewed in by wooden window frames. These
options were clustered in a corner opposite to the
ideal point completely.

● Regarding the refurbishment option of renewing the
floor above the unheated spaces on the other hand,
which are clustered far from the ideal point
similarly, no suggestions came up.

Conclusion 

The objective of this study was to find appropriate multi-
objective optimization method(s) to support decision-
making during early design for building thermal 
refurbishment through the building envelope. In this 
manner, four evolutionary algorithm methods were 
compared for a case in Istanbul, Turkey concerning 
residential buildings.  
As a result of the studies conducted on the dataset used, 
NSGA-II, NSGA-III, C-TAEA methods brought limited 
solutions that were highly close to the Pareto front; and, 
setting the hyperparameters differently didn't change or 
expand these limited solutions in almost all individual 
optimization cases. The reason for this is due to the 
characteristics of the dataset studied: the distribution of 
the data in a way that the Pareto front does not spread 

widely and the fact that the dataset is in a discrete 
distribution. As a solution to these undesirable situations 
from the decision support perspective, RVEA, which 
allows user preferences to bring alternative design 
schemes, was evaluated. As a result, RVEA provided 
more solutions in number and variety of designs with 
reasonable stability regarding the study related to 
hyperparameter optimization. 
Further research is planned on the application of 
optimization methods to other problems to evaluate the 
effect of problem characteristics on optimization 
performance. 
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Abstract 

Building energy simulation models have strong energy 
prediction capabilities but suffer from high computational 
costs, which could be reduced through surrogate modeling 
approaches. Existing surrogate models predict energy 
consumption on an annual resolution, however, for 
strategizing net-zero measures, granular predictions are 
necessary.  This paper evaluates the ability of four state-
of-the-art machine learning algorithms to predict building 
energy consumption on an hourly basis. The results 
indicate that Random Forest Regression is the most 
suitable predictive model due to the high R2 value of 0.94. 
The proposed framework can be further expanded to test 
net-zero energy retrofits at minimal computational costs. 

Introduction 

The operation phase of buildings accounts for nearly 30% 
of global emissions (IEA 2021) which necessitates the 
need for innovative strategies for reducing emissions.  
The International Energy Agency estimates that in the 
next 30 years, global building floor area will grow by 
75%, with around 80% of the increase in emerging 
markets such as India. The building sector in India 
accounts for over 30% of total electricity consumed (BEE 
2018) and the commercial building sector in India 
consumed 8.31% of end-use electricity in the year 2021 
(MoSPI 2022). Previous studies on energy consumption 
show that the availability of an accurate building energy 
forecasting system can save about 30% of the total energy 
consumption in buildings (Olu-Ajayi et al. 2022). Hence, 
predicting the energy consumption pattern of buildings is 
of significance to multiple stakeholders as it can help 
improve buildings' energy efficiency and aid in energy 
conservation measures for buildings.  
Building energy simulations for energy prediction are 
typically done by creating a prototype building model 
using an energy modeling tool such as EnergyPlus, 
developed by the U.S. Department of Energy based on the 
proposed design inputs (Chan et al. 2022). Data-driven 
approaches using surrogate machine learning (ML) based 
models help overcome the challenges of building an 
energy simulation approach, which requires high 
computational costs for performing the energy 
simulations. The ML models identify the relationship 
between input features impacting building performance 
such as weather parameters and output variables such as 

energy consumption. Such a trained ML model develops 
the capability to predict the energy consumption of 
buildings eliminating the need for multiple energy 
simulation runs for varying simulation scenarios (Olu-
Ajayi et al. 2022).  
The development of a surrogate ML model consists 
primarily of four steps: data collection, data 
preprocessing, model training, and model testing. Data 
collection involves collecting available past data, such as 
weather data and energy consumption data of buildings. 
Data preprocessing is done by integrating the required 
data into a comprehensive dataset, which will be used 
further for model training. The model training step 
involves developing and deploying a suitable ML model 
for energy prediction studies. Model testing involves 
using standard model evaluation measures to check the 
accuracy of the prediction model (Amasyali & El-Gohary, 
2018).  
Energy prediction using machine learning models is 
commonly done using algorithms such as regression 
models and artificial neural networks (ANN). Some of the 
commonly employed regression models in energy 
prediction include multiple linear regression (MLR), 
polynomial regression (PR), and random forest regression 
(RFR) (Sun et al. 2020). In a study based out of buildings 
in Italy, multiple linear regression is used as a decision 
support tool for assessing the preliminary energy demand. 
This was used as an alternative to assessing energy 
demand by building energy modeling. The correlation of 
the results shows that the MLR model can predict the 
buildings' heating, cooling, and total energy demand with 
a high degree of reliability (Ciulla et al. 2019). 
Meanwhile, the polynomial regression model is more 
flexible than multiple linear models as it can fit data in a 
wide range of curvature, making it suitable for problems 
where the relationship between input and output variables 
is non-linear, as in the case of building energy loads. In a 
study conducted on 17 buildings in Europe, polynomial 
regression was used to predict the heating demand based 
on climatological conditions and the architecture of the 
building. The results showed that the polynomial 
regression model prediction is best suited for predicting 
fast, early-stage energy consumption  (Tiberiu 2012). 
Another ML model that can capture non-linear 
relationships between input and target variables is 
Random Forest Regression. In a study conducted on a 
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dataset of 5 existing buildings from a building data 
genome project (Miller et al. 2017), short-term energy 
consumption in hourly resolution is predicted to propose 
effective solutions to help buildings’ owners and facility 
managers understand building energy consumption 
patterns for enhancing energy efficiency in buildings. The 
RFR model was selected for the study as it can reduce 
predictive error while solving regression problems, and it 
considers all decision trees in the prediction correlation 
(Pham et al. 2020). The results from the study showed that 
RFR is an effective technique in predicting hourly 
building energy consumption, which helps stakeholders 
take adequate steps to reduce the energy consumption of 
buildings. 
Artificial neural network (ANN) is also a commonly used 
ML model for predicting the energy consumption of 
buildings besides RFR. In a study of 243 commercial 
buildings in Southeast Asia, the cooling loads of buildings 
obtained from the physics-based building energy model 
were compared to an ANN model. ANN was used due to 
its ability to solve non-linear problems dependent on 
numerous variables. The features for developing the ANN 
model were general building information, building 
envelope, and internal loads. The results showed that the 
cooling load prediction by the ANN model agrees well 
with the physics-based building energy simulation at a 
fraction of the time required for the latter (Ngo 2019). 
Overall, existing studies have largely focused on 
predicting the 'annual' energy consumption of buildings, 
and energy prediction for 'hourly' resolution and 'one-
year' time horizon has not been addressed thoroughly. The 
current studies are also limited to using meteorological 
information from a single climatic zone, and the impact of 
variation of varied climatic conditions on energy 
consumption is not explored in detail. Hence, this study 
aims to address this critical gap by identifying the best ML 
model for predicting building energy consumption in 
hourly resolution under varying climatic conditions for an 
annual time horizon. The developed framework is 
expected to reduce the computational effort required by a 
traditional building energy modeling approach for hourly 
energy predictions, even under varying climatic 
conditions, by eliminating the need for multiple energy 
simulation runs. This approach can further be used in 
optimization studies to inform design strategies, such as 
renewable energy generation, that support the transition to 
net-zero energy performance for existing buildings. 

Methodology and Experiment 

A four-stage methodology to identify the best predicting 
ML model for hourly energy consumption is proposed as 
follows: 
Stage 1: Generating hourly energy simulation using 
Energy Plus 
Stage 2: Compiling dataset for ML training 
Stage 3: Developing ML Model and evaluating  
Stage 4: Predicting energy consumption using ML model 

The flow chart of the hourly energy prediction framework 
is given in Figure 1 below. 

Figure 1 Framework for hourly energy prediction 

Stage 1: Generating Hourly Energy Simulation Using 

Energy Plus 

The dataset used for ML training is the collection of 
meteorological data from weather files and hourly 
building energy consumption data generated from energy 
simulations. The process is explained in detail below.  
Hourly building energy consumption data based on 
annual simulation of a standard reference building model 
is used for the ML model development. A validated 
prototype reference commercial building model, based on 
a previous study of 230 commercial buildings in India 
(Bhatnagar et al. 2019), is adopted to simulate hourly 
energy consumption, and the archetype-building model 
used for this study is shown in Figure 2 below.  

Archetype Building Model 

Figure 2 Archetype reference commercial building model for 

an 8-hour working schedule 

184



Building features of the archetype reference building used 
in this experiment are mentioned in Table 1 below.  

Table 1 Archetype reference building features 

Weather data 

The weather data in 'epw' format, developed by the U.S. 
Department of Energy, is used for this study. 
Representative cities used for this study are shown in 
Table 2. The input variables (X-variables) used for ML 
model development, are listed in Table 3. The weather file 
input parameters are also taken as per studies conducted 
previously. In addition to the weather parameters, 
occupancy fraction is also considered as one of the input 
variables for energy consumption prediction as the 
occupancy schedule has been shown to significantly 
influence energy consumption (Li et al. 2018). 

Table 2 Representative cities for ML model development 

Table 3 List of input variables for ML model development 

Stage 2: Dataset for ML Training 

The simulation software 'EnergyPlus,' version 8.7, 
developed by the U.S. Department of Energy, is used to 
generate hourly energy consumption for an annual 
simulation with 8,760 hourly energy data points. Out of 
the total 8,760 data, an 8-hour working schedule, from 
morning 09:00 to evening 17:00, is considered. The days 
considered were from Monday to Friday, excluding 10 
public holidays. The resulting dataset has 2,000 hourly 
data points of input (X-variables) and output variables (Y-
variable) as given in Table 4. 

Table 4 Data points considered based on an 8-hr schedule 

Stage 3: ML Model Development and Evaluation 

The dataset is further split into training and test sets. The 
'X-variables' and 'Y-variables' from the dataset are split in 
an 80:20 ratio for all the subsequent ML models used to 
develop a predictive model. Four different ML 
algorithms, such as MLR, PR, RFR, and ANN, are used 
to investigate the best-performing model in predicting 
hourly energy consumption. MLR, PR, and RFR 
algorithms are developed using the 'scikit-learn' library, 
and the ANN model is developed using the 'tensorflow' 
library with Python as the programming language. ML 
model development is given in more detail in the 
subsequent sections. 

Feature Value 

Total floor area (m2) 
(excluding basement) 

31,381 

Percent of conditioned Area 
(%) 

76 

Basement floor area (m2) 7,689 
Floor Area 3,487 
Number of floors 9 
Building shape Rectangular 
Aspect ratio 2.3 
Window-to-wall ratio 30% 
Window U-factor (W/m2-K) 2.05 
Window SHGC 0.27 

Exterior wall Brick wall (200mm 
width) with plaster 

Exterior wall U-factor 1.46 

Roof 

Roof tile + Concrete 
(200 mm) + Expanded 
polystyrene (50mm) + 
Plaster 

Roof U-factor 0.64 

Average lighting power density 
(W/m2) 

Office: 8.32; 
Basement parking: 
1.81  

Daylighting controls No 
Occupancy controls No 
Exterior Light (kW) 8.12 
Cooling type Screw Chiller 

Distribution and terminal 
Variable air volume 
AHU with motorized 
dampers 

COP 5.6 
Supply Fan 
Fan Power (W/l/s) 

1.25 

Economizers No 
Energy recovery No 

Sl No: Climatic Zone Representative City 

1 Hot-Dry Ahmedabad 
2 Hot-Humid Kolkata 
3 Temperate Bengaluru 
4 Composite Lucknow 

Sl.No. Input Variables (X) Variable Name 

1 Dry bulb temperature X1 
2 Dew point temperature X2 
3 Relative humidity X3 
4 Global horizontal radiation X4 
5 Direct normal radiation X5 
6 Diffuse horizontal radiation X6 
7 Wind direction X7 
8 Wind speed X8 
9 Occupancy X9 

Climate 

Zone 
City Name 

Total 

Simulation 

Data 

Data points 

based on 8-

hr schedule 

Hot-Dry Ahmedabad 8,760 2,000 
Hot-Humid Kolkata 8,760 2,000 
Temperate Bengaluru 8,760 2,000 
Composite Lucknow 8,760 2,000 
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Multiple Linear Regression 

From the 'scikit-learn' Python library, the 
'LinearRegression' function is imported. The split dataset 
is further given as input to the linear regression function. 
The 'predict' function is then used with the test set of 'X-
variables' to predict the hourly energy consumption. 

Polynomial Regression 

Similar to the multiple linear regression, 
'PolynomialFeatures' and 'LinearRegression' functions are 
imported from the 'scikit-learn' library. The training 
dataset for 'X-variable' is then transformed using 
'fit_transform'. The 'predict' function is further used with 
the test set of 'X-variables' to predict the hourly energy 
consumption. 

Random Forest Regression 

For RFR, the 'RandomForestRegression' function is 
imported from the 'ensemble' module from the 'scikit-
learn' library. The 'RandomForestRegression' function is 
then called on the split dataset with 'n_estimators' defined 
as 10 and 'random_state' set as 0. The 'predict' function is 
further used with the test set of 'X-variables' to predict the 
hourly energy consumption.  

Artificial Neural Network 

ANN model differs slightly from the other three models 
used. For ANN, the 'Tensorflow' python library is used for 
analysis. A multi-layered feed-forward ANN model with 
one input layer, one hidden layer, and one output layer is 
used based on trial and error for prediction accuracy.  The 
number of 'epochs' is set as 100. The 'predict' function is 
further used with the test set of 'X-variables' to predict the 
hourly energy consumption. 
Following the ML model development, model 
performance evaluation techniques are further deployed 
on each ML model to select the best predicting model. The 
model performance evaluation is conducted separately for 
the four representative cities. 

Stage 4: Energy Prediction using ML Model 

Some of the standard model performance evaluation 
metrics used for evaluating the test set prediction results 
are coefficient of determination (R2), Mean Squared Error 
(MSE), Mean Bias Error (MBE), Root Mean Squared 
Error (RMSE), and coefficient of variance (CV) (Sun 
2020). All these model performance parameters are 
estimated based on the equations below, and the results 
are discussed in further sections.  
The coefficient of determination (𝑅2), as mentioned in 
Equation 1, measures how close the predicted value is to 
the actual value, with a value of 1 indicating a perfect fit. 

𝑅2 = 1 −
∑ (𝑃𝐸𝑖 − 𝐴𝐸𝑖)2𝑛

𝑖=1

∑ (𝐴𝐸𝑖 − 𝐴𝐸𝑖̅̅ ̅̅̅)2𝑛
𝑖=1

(1) 

The Mean Squared Error (MSE), mentioned in Equation 
2, calculates the variance between actual and predicted 
values. 

𝑀𝑆𝐸 =
1

𝑛
∑(𝐴𝐸𝑖 − 𝑃𝐸𝑖)2

𝑛

𝑖=1

 (2) 

The Root Mean Squared Error (RMSE), in Equation 3, 
represents the square root of the quadratic mean of the 
differences between predicted and expected values. 

𝑅𝑀𝑆𝐸 = √
1

𝑛
∑(𝐴𝐸𝑖 − 𝑃𝐸𝑖)2

𝑛

𝑖=1

 (3) 

The Mean Bias Error (MBE), mentioned in Equation 4, is 
the average error or bias of each value between the actual 
and predicted values in the sample space.  

𝑀𝐵𝐸 = ∑
(𝐴𝐸𝑖 − 𝑃𝐸𝑖)

𝑛

𝑛

𝑖=1

(4) 

The Coefficient of Variation (CV), mentioned in equation 
5, indicates how well a model approximates the real data 
points, which measures the model's degree of 
predictability. 

 𝐶𝑉 =  
√ ∑ (𝑃𝐸𝑖 − 𝐴𝐸𝑖)2𝑛

𝑖=1
𝑛 − 1
 𝐴𝐸𝑖̅̅ ̅̅̅

∗ 100 (5) 

where 𝑃𝐸𝑖  is the predicted energy, 𝐴𝐸𝑖  is the actual 
energy at the hour 'i',  𝐴𝐸𝑖̅̅ ̅̅̅ is the mean of actual energy,
and n is the total number of samples. 
Based on the results obtained from the model performance 
evaluation conducted for each representative city, the best 
predicting ML model is selected for further scenario 
analysis. 

Scenarios considered using the best 

predicting ML Model 

The best ML algorithm, selected based on model 
performance evaluation, is further deployed in two 
different scenarios. The two different scenarios 
considered in the study are explained below. 

Scenario 1 

In Scenario 1, the X and Y variables from all four 
representative cities are considered and combined to train 
the ML model. The combined dataset, which contains 
8,000 data points, is then split into an 80:20 ratio. The 
hourly energy consumption of the building using the test 
set is then predicted.  

Scenario 2 

Scenario 2 demonstrates the energy forecasting capacity 
of the ML model for a dataset it is not trained with. In this 
case, the data points from three climatic zones were used, 
and the combined dataset contained 6,000 data points. In 
this study, the training set included X and Y variables of 
Ahmedabad, Lucknow, and Bengaluru, and the hourly 
energy consumption of Kolkata is predicted. 
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Results and Discussion 

The experiment to predict the hourly energy consumption 
using ML models was conducted and the results are given 
and discussed as follows. 

Model Performance Evaluation 

The results of the model performance evaluation 
conducted for the four ML models MLR, PR, ANN, and 
RFR using Lucknow's dataset are shown in Figure 3 and 
Table 5 below. Similarly, the model performance 
evaluation is conducted for the Kolkata, Ahmedabad, and 
Bengaluru datasets, and the results are shown in Table 6 
to Table 8, respectively. 

Table 5 Model performance evaluation for Lucknow with MLR, 

PR, ANN, and RFR models  

Model 

performance 
R2 MSE 

RMSE 

(%) 

MBE 

(%) 

CV 

(%) 

MLR 0.89 1169.6 34.20 -1.27 9.6 
PR 0.83 1857.6 43.10 -4.58  10.9 
ANN 0.88 1296.2 36.00 -3.20  10.1 
RFR 0.94 636.39 25.22 -2.88  9.7 

Figure 3: Graph showing the predicted vs actual hourly energy consumption for the four ML models tested for Lucknow

Table 6 Model performance evaluation for Kolkata with MLR, 

PR, ANN, and RFR models  

Model 

performance 
R2 MSE 

RMSE 

(%) 

MBE 

(%) 

CV 

(%) 

MLR 0.86 1208.1 34.75 1.72  8.9 
PR 0.56 4055.1 63.67 4.31  10.4 
ANN 0.82 1574.4 39.67 7.54  9.7 
RFR 0.91 748.4 27.37 1.55  8.8 

Table 7 Model performance evaluation for Ahmedabad with 

MLR, PR, ANN, and RFR models  

Model 

performance 
R2 MSE 

RMSE 

(%) 

MBE 

(%) 

CV 

(%) 

MLR 0.75 1637.88 40.47 5.80  7.0 
PR 0.42 3846.89 62.02 -1.02  9.3 
ANN 0.75 1667.55 40.83 -5.89  8.0 
RFR 0.88 739.46 27.19 1.69  7.4 
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Table 8 Model performance evaluation for Bengaluru with 

MLR, PR, ANN, and RFR models  

Model 

performance 
R2 MSE 

RMSE 

(%) 

MBE 

(%) 

CV 

(%) 

MLR 0.61 559.18 23.64 1.110  3.4 
PR 0.25 1071.9 32.73 -1.105  4.6 
ANN 0.50 709.73 26.64 -3.126  3.9 
RFR 0.70 434.28 20.83 1.904  3.4 

The graphs shown in Figure 3, represent predicted and 
actual energy consumption for the four ML models MLR, 
PR, ANN, and RFR for the city of Lucknow. The X-axis 
represents actual hourly energy consumption and the Y-
axis represents predicted hourly energy consumption in 
kWh. In the case of the RFR model, in Figure 3, the 
predicted energy consumption closely follows the actual 
energy consumption. However, in the case of MLR, PR, 
and ANN, the predicted energy consumption shows 
variations. In some instances of MLR, PR, and ANN, the 
predicted energy consumption value is higher than actual 
energy consumption. Thus, the RFR model shows better 
performance when compared to MLR, PR, and ANN. 
The results observed from Table 5 to Table 8 show that 
the RFR model outperforms other models due to its high 
R2 values and lower MSE, RMSE MBE, and CV values. 
Hence, the RFR model is chosen as the prediction model 
for further scenarios 1 and 2. 

Energy Prediction Results for Scenario 1 and 2 

Scenario 1 

Hourly energy consumption is predicted using the RFR 
model, trained with the dataset of all four representative 
cities combined. The results are shown in  Table 9 below.  

Table 9 RFR model performance in the test phase of scenario 1 

Sc

en

ar

io 

Traini

ng 

points 

R2 MSE 
RMSE 

(%) 

MBE 

(%) 

CV 

(%) 

I 6,400 0.90 837.8 28.94 2.21 8.70 

The performance evaluation of the test data in the test 
phase of scenario 1 gives an R2 value of 0.90 and a CV 
value of 8.70%, indicating that the RFR model is reliable 
for hourly building energy prediction (Yang et al. 2015). 
Further, to understand the results figuratively, Figure 4 
shows the predicted versus actual hourly energy 
consumption for the test data of scenario 1. The scatter 
plot is generated from the test set of scenario 1, i.e., with 
1600 data points (20% of 8000 data points) combined 
from all four cities. The concentration of the scatter plot 
points along the 45-degree line indicates a high degree of 
correlation between actual and predicted values. 
Further to test the hourly energy prediction capability of 
the RFR model with changing weather conditions 
scenario 2 was conducted and the results are given in the 
following section.  

Figure 4: Scatter plot of predicted vs actual hourly energy 

consumption in the test phase of scenario 1 

Scenario 2 

Hourly energy consumption is predicted using the RFR 
model trained with a dataset of three cities: Ahmedabad, 
Bengaluru, and Lucknow, and the energy consumption of 
Kolkata is predicted. The performance of the RFR model 
is given in Table 10.  

Table 10 RFR model performance in test phase of scenario 2 

Sc

en

ar

io 

Train

ing 

points 

R2 MSE 
RMSE 

(%) 

MBE 

(%) 

CV 

(%) 

II 4,800 0.80 1825.1 42.72 8.96 8.80 

The model performance evaluation shows an R2 value of 
0.80 and a CV of 8.80%. The results indicate that the 
prediction accuracy of the RFR model for scenario 2 is 
less than that for scenario 1. To understand the results 
figuratively, Figure 5 shows the predicted versus actual 
hourly energy consumption for test data of scenario 2. 

Figure 5 Scatter plot of predicted vs actual hourly energy 

consumption in the test phase of scenario 2 

The graphs generated for the test data set of scenario 2 
predicted from 1200 data points using the weather file of 
Kolkata to generate the scatter plot. Although the scatter 
plot concentrates along the 45-degree line, the distribution 
is not uniform, like in scenario 1. The observation is as 
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per expectation because the ML model was tested for a 
dataset it was not trained with. However, the results are 
promising since MBE falls within the permissible limits 
of 10% and CV less than 30% (Yang et al. 2015). This 
shows that there is scope for further evaluating the use of 
ML models such as RFR for predicting energy 
consumption for hourly resolution under changing 
climatic conditions.  
Scenario 1 and Scenario 2 results indicate that the RFR 
model is a suitable ML model for predicting energy 
consumption on an hourly basis due to an R2 value of 
more than 0.8 in both cases and CV values of less than 
10%. The RMSE value is 42.7% in scenario 2, while that 
in scenario 1 is 28.9%. This indicates a greater spread of 
the data points in scenario 2 from the mean value Figure 
5, corresponding to scenario 2, also indicates the same. 
The MSE and MBE values for Scenario 2 are also greater 
than Scenario 1, indicating greater prediction accuracy in 
Scenario 1. 

Conclusions 

The study was conducted to demonstrate ML models' 
capability to predict commercial buildings' energy 
consumption in hourly resolution for annual time horizons 
under varying climatic conditions. An archetype reference 
commercial building model for an 8-hour working 
schedule representative of the Indian office buildings was 
used for this study. A methodology was also developed to 
generate a dataset and predict hourly energy for changing 
climatic conditions. Four ML models were used: MLR, 
PR, RFR, and ANN. The model performance evaluation 
on these four models identified RFR as the most accurate 
predictive ML model for hourly energy predictions. Thus, 
the RFR model was used for further evaluation in 
Scenario 1 and Scenario 2. Scenario 1 was conducted to 
test the holistic prediction capability of the RFR model 
and the results of  Scenario 1 indicate that the RFR model 
is suitable for hourly energy prediction. Scenario 2 was 
conducted to check the capability of the ML model to 
predict hourly energy consumption for test data for which 
it was not trained. Model performance evaluation results 
for scenario 2, although less accurate than scenario 1, are 
promising. This indicates that there is scope for using ML 
models such as RFR for predicting hourly energy 
consumption and changing weather conditions.  
The comparison of Scenarios 1 and 2 results indicates that 
the relationship between input weather features and 
building energy output needs further study. Further 
studies in this direction can consider ensemble-based 
methods, which combine the output of multiple machine-
learning algorithms to enhance the prediction 
performance of a single data-driven model. Commonly 
used ensemble methods such as bagging, boosting, and 
stacking may be deployed to improve the hourly energy 
prediction for changing weather conditions such as the 
one considered in this experiment in scenario 2. This will 
further aid in improving the efficiency of building 
operation systems and support the transition of existing 
buildings to achieve net-zero energy.  
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Abstract 
Building permit management involves complex 
compliance checking processes that today are mainly 
performed by sharing documents between stakeholders 
and reviewing them manually. This causes long delays in 
obtaining building permits. Based on the DigiPLACE 
Reference Architecture Framework for digital 
construction platform, this paper presents the DigiChecks 
Framework, a novel approach to digitize and automate 
building permit management based on the orchestration of 
compliance checks and a data space, a distributed and 
open infrastructure for interoperable, trusted, and 
sovereign data sharing between platforms of different 
stakeholders. The DigiChecks Framework reduces data 
sharing and compliance checking efforts, while it ensures 
strict compliance with existing regulations. 

Introduction 
The management of building permits is a process that 
requires numerous compliance checks based on the 
information shared between different stakeholders, 
including architects, engineers, construction companies, 
subcontractors, designers, certification companies, 
suppliers, and public authorities. The current low level of 
digitization in the construction sector leads to resource-
consuming compliance checks, based mainly in 
documents sharing and manual review. This causes 
considerable delays in obtaining building permits. 

The challenges in digitizing and automating the 
management of building permits are significant (Beach et 
al., 2013). Among all of them, the following three stand 
out. 
1. For different countries, but also regions or

municipalities, there is a need to verify compliance
with different regulations (Rezgui et al., 2011).

2. To check compliance, coordination issues should be
tackled by combining building data stored in different
proprietary formats (Rezgui et.al., 2013).

3. The reluctance to share data needs to be avoided by
providing control over the data (Jarke et al., 2019).

To address these challenges, based on the DigiPLACE 
Reference Architecture Framework (RAF) (David et al. 
2021), this paper presents the DigiChecks Framework, a 
novel approach to digitize and automate compliance 
checks by combining an orchestration of compliance 
checks and a data space. The orchestration provides a 
modular and scalable approach to manage the different 
compliance checks to be performed based on current 
regulations. The data space, following the path for the 
digital transformation of the construction sector (Buhler 
et al., 2023), facilitates the necessary collaboration 
between stakeholders through an open and distributed 

infrastructure for interoperable, trusted, and sovereign 
data sharing between their different platforms. 

The rest of the paper is structured as follows. First, the 
related work is presented. Second, based on observed 
needs concerning building permit management, the main 
principles of the DigiChecks Framework are stated. Third, 
based on the related work and considering the main 
principles of the DigiChecks Framework, the conceptual 
architecture of the DigiChecks Framework is described. 
Fourth, the DigiChecks Data Space which, as part of the 
DigiChecks Framework, provides an open and distributed 
infrastructure to enable the collaboration between 
platforms based on interoperable, trusted, and sovereign 
data sharing, is detailed. Finally, conclusions about this 
work are drawn. 

Related Work 
The DigiPLACE RAF sets common guidelines for 
building digital platforms for the construction sector. 
Considering them, the DigiChecks Framework proposes a 
novel approach to digitize and automate compliance 
checks by combining an orchestration of compliance 
checks and a data space. In what follows, the DigiPLACE 
RAF and the work carried out on the definition and design 
of data spaces is described.  

DigiPLACE Reference Architecture Framework 

The RAF is based on two guidelines: “Interoperability and 
Common Processes” and “Data Control”. They are 
described below. 

“Interoperability and Common Processes” is divided into 
data interoperability, data and process management and 
governance. Data interoperability establishes the 
definition of data vocabularies based on open standards, 
common data formats and models, and standardized data 
access. Data and processes management sets the 
collaboration between stakeholders through common data 
environments and data lifecycle management based on 
digital twins. Governance proposes open accessibility to 
standards and community engagement to improve them. 
Figure 1 represents this.  

Figure 1: Interoperability and Common Processes 
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“Data Control” is divided into data security, data 
ownership, data trust and data availability and 
sustainability. Data security covers the security of the 
data, data sovereignty and data sharing within data spaces. 
Data ownership sets compliance with the GDPR, the 
ownership of the data and data transparency. Data trust 
encompasses data certification and value. Finally, data 
availability and sustainability establish compliance with 
FAIR principles as well as the sustainability of the data. 
Figure 2 represents this. 

Figure 2: Data Control 

Data Spaces 

Nowadays, different initiatives are working worldwide on 
the definition and design of data spaces: The OPENDEI 
project, the Data Spaces Business Alliance (DSBA), 
GAIA-X and the International Data Spaces Association 
(IDSA) stand out. This large number of initiatives makes 
it difficult to clarify which building blocks are needed to 
build a data space and the technical components required 
to support them.  

Recently, the design principles for data spaces resulting 
from the OPENDEI project (Nagel and Lycklama, 2021) 
and the common framework proposed subsequently by 
the DSBA (Gronlier et al., 2021) agree on the building 
blocks required to build a data space. These are detailed 
in Figure 3.  

Figure 3: Data Space Building Blocks 

In this context, GAIA-X and IDSA are positioned as the 
reference initiatives for the specification of the technical 
components that must be developed to support these 
building blocks. While GAIA-X defines the GAIA-X 
Technical Architecture 23.10 (GAIA-X European 
Association for Data and Cloud, 2023), a set of technical 
components for a governance framework for a federated 
infrastructure of services that complies with European 
standards and values of digital sovereignty, IDSA defines 
the IDSA Reference Architecture Model (RAM) 4.0 

(International Data Spaces Association, 2023), a set of 
technical components for an interoperable, and sovereign 
data sharing framework between services. 

On this basis and considering that the data space building 
blocks meet the DigiPLACE RAF core guidelines to build 
digital platforms in the construction sector, we consider 
the GAIA-X Technical Architecture 23.10 and the IDSA 
RAM 4.0 as the technical foundations to build the 
DigiChecks Data Space that acts as the core of the 
DigiChecks Framework. 

DigiChecks Framework Principles 
For the design of the DigiChecks Framework, a review of 
the main needs concerning building permit management 
has been made. These needs are summarized below: 

1. Automated compliance checking cannot be achieved
with one-step solution, but by combining multiple
tools in the form of services provided by different
organizations that gradually makes compliance
checking more mature.

2. The wide variety of existing processes, tools and
contexts means that there will be no one-size-fits-all
solution, but a solution that enables the interaction
with multiple services.

3. Individual services communicating with each other
need a common language so that they can understand
each other. The common language should follow a
formal, explicit specification of a shared
conceptualization.

These needs lead to the following three principles of the 
DigiChecks Framework.  

1. The framework is a distributed infrastructure, rather
than a centralized, monolithic application.

2. The framework is an open infrastructure with a
modular and scalable approach, where services can
be included and swapped easily.

3. The framework uses a shared set of conceptual
information models that align with existing domain
ones. Information models are formalized based upon
open and widely accepted standards.

DigiChecks Framework Conceptual 
Architecture 
Considering the three principles of the DigiChecks 
Framework, the DigiChecks Framework Conceptual 
Architecture is build based on the following four 
architecture principles: 

1. The DigiChecks Framework Conceptual 
Architecture is a modular and distributed architecture 
in which the components have the flexibility to be 
deployed across multiple platforms managed by 
different stakeholders.  
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2. The DigiChecks Framework Conceptual 
Architecture is based on the DigiChecks Data Space 
to enable the collaboration between the platforms od 
different stakeholders based on interoperable, trusted, 
and sovereign data sharing.  

3. The DigiChecks Framework Conceptual 
Architecture provides Core Components that play an 
essential role in the orchestration of compliance 
checking processes and the management of the 
DigiChecks Data Space. 

4. The DigiChecks Framework Conceptual 
Architecture can be extended with new components 
that provide additional functionalities for specific use 
cases. 

 
Considering these four architecture principles, Figure 4 
represents the DigiChecks Framework Conceptual 
Architecture. It can be divided into three main blocks:  
 
 Design tools: They are services that support the 

definition of the main elements involved in the 
building permit management. 

 Core Framework: It consists of unique services 
that provide core functionalities to manage building 
permits.  

 Digital Twin: It is composed of the Core 
Framework and additional services that provide 
specific functionalities that in conjunction with the 
Core Framework enable the performance of modular 
and scalable compliance checks. 

 

All these main blocks and their components are further 
described below.  

Design Tools 

The Design Tools are divided into the Requirements 
Editor, the Process Modeler, and the Ontology Editor.  

The Requirements Editor assists the Requirements 
Manager in the definition of the requirements to be 
involved in compliance check processes. These 
requirements can be defined manually or extracted from 
structured documents and defined in a structured format. 

The Process Modeler enables the Process Manager to 
define the processes in a Business Process Model and 
Annotation (BPMN) 2.0 standard format, defining who is 
responsible for the process, what requirements must be 
checked, and the data required to do so, what tasks and 
when must be performed and how they must be 
performed, either manually or automatically against and 
specific service. 

The Ontology Editor supports the Ontology Manager to 
design the necessary semantic information model in form 
of ontology to represent the data to be shared in the 
DigiChecks Framework.   

Core Framework 

The Core Framework is divided into the Orchestration, 
the User Interface, the User Management, the Data Space 
Management, the Vocabulary Provider, and the Federated 
Catalogue. 

Figure 4: DigiChecks Framework Conceptual Architecture 
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The Orchestration, which is a Business Process Model 
(BPM) Engine, is the core component in charge of 
managing the full process of turning a BPMN process in 
an executable version. It orchestrates and manages the 
state of the tasks required. 

The User Interface offers to the Permit Process 
Administrator a user interface to manage and monitor the 
processes and workflows of the defined permitting 
processes. Also, provide specific forms and screens to 
enable the Participant to provide the necessary 
information for any step in the permitting process, be able 
to see at any time the status of the process, to provide 
manual inputs and get the final resolution approval or 
rejection. 

The User Management enables administrators to manage 
the access of users to the different services that compose 
the DigiChecks framework.  

The Data Space Management provides the services 
required to manage the DigiChecks Data Space. These are 
the Dynamic Attribute Provisioning Service (DAPS) and 
the Clearing House. The DAPS ensures trusted data 
sharing within the DigiChecks framework. The Clearing 
House provides a service to log data transactions. As they 
are part of the DigiChecks Data Space, they are further 
described in the following Section.  

The Vocabulary Provider manages the semantic 
information model designed through the Ontology Editor 
to ensure interoperable data sharing within the 
DigiChecks Framework. As part of the DigiChecks Data 
Space, it is further described in the following Section. 

The Federated Catalogue provisions a catalog of 
services that have been certified according to European 
guidelines of digital sovereignty. As part of the 
DigiChecks Data Space, it is further described in the 
following Section. 

The Digital Twin 

The Digital Twin is composed of several services. Among 
others, the Compliance Checking, the Rule Editor, and the 
Interfaces with External Tools stand out. They are 
described below. 

The Compliance Checking ensure the adherence of 
digital permitting processes to expert system rule-driven 
systems. It plays a crucial role in maintaining regulatory 
compliance and enforcing predefined rules and standards. 
By allowing operators to introduce and update rules, 
Compliance Checking empowers organizations to adapt 
their processes dynamically and stay aligned with 
evolving regulations. 

The system leverages advanced algorithms and 
automation to evaluate the current state of the permitting 
process against the established rules. It constantly 
monitors and verifies whether the process complies with 
the required criteria, minimizing the risk of non-
compliance and associated penalties. This automated 
approach significantly reduces the burden of manual 

verification, enabling organizations to streamline their 
operations efficiently. 

The Rule Editor enables Rule Managers to define, in an 
easy-to-use graphical interface, the rules to be executed 
by Compliance Checking services to validate compliance 
with specific requirements.  

The Interfaces with External Tools integrate external 
third-party services, corporate tools, and data sources with 
the DigiChecks Framework through the DigiChecks Data 
Space. Within this category are the Data Trusted Gateway 
and Project Data. While the Data Trusted Gateway is a 
generic integration component, the Project Data is 
specific to manage the Common Data Environment 
(CDE) supporting the integration of Building Information 
Model (BIM) and Geographic Information System (GIS) 
data. 

It should be mentioned that several external data sources 
are of interest for automating the management of building 
permits. Cadastre and Inspire Geoportal external 
databases are integrated in the DigiChecks Framework to 
provide Industry Foundation Classes (IFC) models and 
other relevant geographical information. Also, the 
Common Data Environment (CDE) is integrated into 
DigiChecks Framework to provide building data involved 
in the compliance checking services and to supply 
advanced visualization of the BIM models through 
external services and tools such as navigate on the 
building model pieces or parts, or by enriched 3D 
visualizations. 

DigiChecks Data Space 
Based on the GAIA-X Technical Architecture 23.10 and 
the IDSA Reference Architecture Model 4.0, Figure 5 
represents the DigiChecks Data Space. It can be divided 
into the technical components required for the role of the 
Core Participant and the role of the Intermediary that is 
provided in the DigiChecks Framework through the Data 
Space Management component within the Core 
Framework. These roles are described below. 

Intermediary 

Intermediaries act as trusted entities which assume a 
central role that creates benefit for Core Participants in the 
DigiChecks Data Space ensuring interoperability, 
providing trust, and creating new business models.  

The technical components assigned to this category are 
the GAIA-X Digital Clearing House (GXDCH), the 
Federated Catalogue, the DAPS, the Vocabulary 
Provider, and the Clearing House.  

The GXDCH operates and runs the services of the GAIA-
X Framework. The GAIA-X Framework sets the rules 
that define whether organizations and the services they 
provide comply with European standards and values of 
digital sovereignty. 

The services of the GXDCH are operated by GAIA-X 
Federators. Therefore, they are not really provided within 
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the DigiChecks Data Space. These services are accessible 
to anyone to automatically verify compliance with the 
GAIA-X Trust Framework and obtain GAIA-X 
compliance attestations. 

It is important to mention that the GXDCH relies on a 
user-centric and self-sovereign approach for identity 
management called Self-Sovereign Identity (Maier and 
Pohlmann, 2022) that is based on W3C recommendations 
of Decentralized Identifiers (DIDs)1 and Verifiable 
Credentials (VC)2. Based on the information provided by 
Core Participants, the GXDCH verify compliance of 
either the organization or the services they provide with 
the GAIA-X Trust Framework. If satisfied, the GXDCH 
issues to the Core Participant a VC containing the GAIA-
X compliance attestation. This VC is self-managed by the 
Core Participant. To enable other services to validate the 
integrity, the authenticity, and the validity of the issuer of 
the VC, the VC contains a cryptography proof.  

The goal of the Federated Catalogue is to enable Core 
Participants within the DigiChecks Data Space to find 
best-matching service offerings, which comply with 
European standards and values of digital sovereignty. 

To publish service offerings, the Federated Catalogue 
requests and validates VCs attesting compliance of the 
organization providing the service and the service itself 
with the GXDCH. To search for service offerings, it 
controls the access to the services available in the 
Federated Catalogue to organizations which comply with 
the GXDCH.  

1 Decentralized Identifiers (DIDs) v1.0 (w3.org) 

The DAPS sets the rules that define how an IDS 
Connector, the technical component of a Core Participant 
responsible for data sharing, manages data control. In 
other words, it states the level of trust of an IDS 
Connector. The IDS Connector is further described later. 

As the trust level is higher, the requirements are higher, 
from a basic trust level where only interoperability is 
guaranteed, to higher levels that implement secure 
communication protocols, usage control etc. 

As the level of trust can change in an operational 
environment over the time, once an IDS Connector is 
initially manually certified and deployed, the DAPS sets 
the operational trust level considering the one initially 
certified and operational environment data. 

The DAPS, as the GXDCH, relies on DIDs and VCs. 
Therefore, it issues VCs that attest the trust level of an IDS 
Connector. This VC is self-managed by the Core 
Participant. It is used by the IDS Connector to access to 
other IDS Connectors. 

The Vocabulary Provider, as part of the Data Space 
Management, hosts, maintains, and publishes the 
semantic information model that is designed using the 
Ontology Editor, describing the relevant concepts (e.g., 
“building”, “office space”, “toilet space” and “size”) 
shared by IDS Connectors in the DigiChecks Data Space 
to manage building permits in the construction domain. 
Furthermore, it implements Shapes Constraint Language 

2 Verifiable Credentials Data Model v2.0 (w3.org) 

Figure 5: DigiChecks Data Space 
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(SHACL)3 validations that are required by the IDS 
Connector to verify whether the expected data is received. 

It is important to mention that the Vocabulary provider 
only includes the model. It does not include its 
instantiation (specific data) and therefore doesn’t provide 
information about specific instances. The instances 
should be managed and provided by Core Participants 
through the IDS Connectors. 

The Clearing House, as part of the Data Space 
Management, records all the relevant information related 
to data sharing between the IDS Connectors of Core 
Participants. This includes contract agreements and data 
usage information for clearing, settlement and billing 
services.  

Core Participant 

A Core Participant can be assumed by any organization 
that provides or consumes data within the DigiChecks 
Data Space. Roles assigned to this category are the Data 
Provider and the Data Consumer. 

To share data between the Data Provider and the Data 
Consumer, both uses a software component that is 
compliant with the IDSA RAM. This is the IDS 
Connector. To manage the VCs issued by the GXDCH 
and the DAPS, the Data Provider and the Data Consumer 
use a software component called Credential Manager.  

The IDS Connector is the technical component 
responsible for interoperable, trusted, and sovereign data 
sharing between Core Participants within the DigiChecks 
Data Space. 

To enable a modular and scalable development of the 
services, the DigiChecks framework is based on a 
microservices approach (De Lauretis, 2021). For a system 
that provides a specific service, while the user interface 
layer enables participants to manage the service itself, the 
IDS Connector provides those layers to share data within 
the DigiChecks Framework in an interoperable, trusted, 
and sovereign way. Figure 6 represents these system 
layers. 

3 Shapes Constraint Language (SHACL) (w3.org) 

The Application Programming Interface (API), the 
Service Access Management and Data Usage 
Management layers are described below.  

The API ensures interoperable data sharing.  To this end, 
it implements the Dataspace protocol v1.0 (International 
Data Spaces Association, 2024) and several Data transfer 
protocols.  

The Dataspace protocol is a set of specifications that 
define the interfaces, protocols, and schemas to expose a 
data catalog, to negotiate contracts and access negotiated 
data. To describe the data catalog, the Dataspace protocol 
proposes the Data Catalog Vocabulary (DCAT)4. It is a 
vocabulary designed to facilitate interoperability between 
data catalogs. It should be noted that DCAT is domain-
agnostic. To provide a domain-specific description of the 
data, DCAT is extended with domain-specific 
vocabularies, which are provided by the Vocabulary 
Provider. Once negotiated data is accessed, data sharing 
is delegated to data transfer protocols. 

Data transfer protocols are traditional protocols, such as 
HTTP or MQTT, that will be used for data transfer after 
data access. They are also integrated with the Vocabulary 
Provider. As the Vocabulary Provider implements 
SHACL validations, it can be ensured that the expected 
data is received.  

The Service Access Management ensures trusted data 
sharing. It controls the access to the IDS Connector based 
on the VC that attests the level of trust of a requesting IDS 
Connector. For authentication purposes, it validates the 
integrity, the authenticity, and the validity of the issuer of 
the VC. For authorization purposes, it analyses the 
attributes of the VC. 

The Data Usage Management ensures sovereign data 
sharing. Data sovereignty is referred as the self-
determination of organizations regarding the usage of 
their data (Jarke et al., 2019). To grant data sovereignty, 
the IDS Connector implements Distributed Usage Control 
(Gil et al., 2023). It is a particularization of Usage Control 
for data sharing scenarios that extends Access Control to 
control what must happen to data through its life cycle 
(Jung and Dorr., 2022).  

The Credential Manager abstracts Core Participants 
from the complexity of managing VCs.  

On the one hand, it provides Core Participants with the 
interfaces to request the certification of the organization 
itself and the services it provides to the GXDCH, store the 
VC attesting the result and retrieve them. 

On the other hand, it provides the IDS Connector with the 
interfaces to store retrieved VC from the DAPS and 
retrieve them for authentication purposes.  

Conclusions 
This paper addresses the main challenges regarding the 
automated management of building permits. These are the 
lack of standards between regulations in different 

4 Data Catalog Vocabulary (DCAT) - Version 3 (w3.org) 

Figure 6: DigiChecks Framework Microservices System 
Layers  
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countries and regions and municipalities, interoperability 
between data in different formats and the control of the 
data. 

Considering the DigiPLACE RAF, which sets the 
common guidelines for building digital platforms for the 
construction sector, and with the aim of addressing the 
challenges identified, this paper presents the DigiChecks 
Framework, a novel approach to digitalize and automate 
building permit management that combines an 
orchestration of compliance checks and a data space. 
While the orchestration provides a modular and scalable 
approach to verify different compliance checks depending 
on existing regulations, the data space facilitates the 
collaboration between stakeholders through 
interoperable, trusted, and sovereign data sharing between 
their different platforms. Thus, the DigiChecks 
Framework reduces data sharing and compliance 
checking efforts, while it ensures strict compliance with 
existing regulations.  

Future Work 
The conceptual architecture of the DigiChecks Data 
Space, which is the main development within the 
DigiChecks Framework and the focus of this paper, is 
based on existing standards defined by GAIA-X and 
IDSA. In this regard, the defined technical components 
are built from open-source tools that have already been 
developed following these standards or from new tools 
developed from scratch. The application of these tools to 
real-world scenarios presents two major challenges. First, 
as data spaces is a novel concept, these standards are 
continuously evolving. As the piloting stage approaches 
in the DigiChecks project, there is a need to make 
decisions on the versions of the standards to be used for 
two main purposes. For those tools already developed, to 
select the version to be used. For those new tools required, 
to select the version to be followed in the development. 
Second, different pilots lead to different requirements. 
Although existing tools are developed to be 100% 
agnostic to the use case requirements, the truth is that they 
should be adapted in about a 10% to the use case. This 
may lead to weaknesses in our approach that should be 
addressed by providing extensions to existing tools. For 
example, in the case of the IDS Connector, specific data 
transfer protocols may be required for the different pilots. 
If they are not implemented on existing tools, they must 
be implemented on top of an existing tool.   

Having said that, at the end of the piloting phase, with the 
tools already selected and adapted, the DigiChecks Data 
Space technical architecture is expected to be published 
considering the version of the standards followed, the 
tools selected, the specific challenges addressed for their 
application in real-world scenarios and how they have 
been addressed. 
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Abstract
This study addresses neighborhood-level sustainability in
urban development as a critical lever in Germany’s energy
transition goals. It explores identifying reference districts
through Geographic Information System (GIS)-based ma-
chine learning (k-means algorithm) and public data, uti-
lizing clustering methods to analyze spatial and socio-
infrastructural metrics. The methodology yields signifi-
cant insights into district definition and characterization,
integrating technical and human understanding of urban
dynamics. The findings highlight the importance of at-
tribute selection in neighborhood classification and extend
beyond mathematical validation to include social context
comprehension. The developed technique is applied to a
case study involving the city of Aachen.

Introduction
In the energy transition, particularly within the build-
ing sector, renewable energy systems are crucial for a
climate-neutral energy supply, with heating and hot wa-
ter consumption constituting a significant portion of Ger-
many’s building energy use (BMWK-Bundesministerium
für Wirtschaft und Klimaschutz, 2022). The traditional,
fossil-based energy infrastructure often limits the imple-
mentation of innovative, demand-driven thermal solutions
(Acksel et al., 2017). District solutions are pivotal in opti-
mizing energy potential and achieving economies of scale
through sector coupling (Reicher et al., 2020). This ap-
proach integrates energy-saving strategies, efficiency, and
renewable use, considering building characteristics, user
behavior, and technical infrastructures (Töbermann and
Yu, 2021).
However, municipalities’ current practices in urban-scale
energy system planning are fragmented, often leading to
slow and inefficient implementation (Boenigk et al., 2019).
To address this, the paper advocates for establishing ’ref-
erence districts’ as a means to streamline and standard-
ize energy solutions, facilitating their application within
and across various municipalities. Therefore, the paper
discusses the challenges in defining district boundaries,
especially in existing, evolving neighborhoods, and pro-
poses using GIS and machine learning techniques on pub-
lic datasets to identify and classify districts based on di-
verse attributes. This approach aims to enhance the scala-
bility and effectiveness of energy solutions within existing
infrastructures.
The concept of a neighborhood or district, lacking a uni-

versal definition, is interpreted variably across urban plan-
ning, cultural, and social perspectives (Feldmann, 2009).
In urban planning, districts are defined by physical at-
tributes such as building density, types, ages, and loca-
tions, including aspects like energy-efficient urban aggre-
gation (Reicher, 2013; Reicher et al., 2020). Socially,
they are important spaces for daily life, social interaction,
and identity formation, embodying a range of physical
to historical dimensions, thus influencing individual and
communal life (Schnur, 2008). Neighborhood sizes vary,
ranging from large housing estates to small settlements,
withmanageability and social identification as key criteria,
typically not exceeding 20,000 residents (Bundesinstitut
für Bau-, Stadt- und Raumforschung, 2012; Mehnert and
Kremer-Preiß, 2014). Neighborhood attributes encompass
a diverse spectrum including functional, spatial, socio-
demographic, technical, economic, cultural-historical, and
legal aspects, with differentiating factors such as natural
boundaries, architectural typology, social structure, and
community spaces (Malottki et al., 2013).
In case of newly planned districts, specific demarcation
and energy zoning are simple, as they are planned in ad-
vance andmeet current energy standards. In the case of ex-
isting districts, however, the question of boundaries arises
because they are continuously developed, changed, and
have grown over time. The question is, how can bound-
aries be defined in order to utilize energy potential in the
context of the district?
For the practical application of district energy solutions,
it is vital to recognize the diversity among district types.
This paper puts forth a strategy for establishing neighbor-
hood boundaries by employing georeferenced information
combined with machine learning techniques on accessi-
ble datasets. Such techniques enable the amplification of
energy solutions in pre-existing infrastructure, by creating
reference districts defined by specific attributes. These can
range from singular features like the type of buildings to
an amalgamation of several traits. Consequently, this aids
in the convenient replication of district energy solutions
in comparable neighborhoods, resulting in a wide spec-
trum of reference districts, each marked by its distinct set
of characteristics.

Related Research
This literature review explores statistical approaches, ma-
chine learning, and GIS in urban planning, emphasizing
their role in energy evaluation and spatial analysis. It
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covers various approaches to mapping urban energy prop-
erties, classifying urban areas, and developing tools for
sustainable urban development, highlighting the advance-
ments and applications of these technologies in urbanmor-
phology analysis.
In the field of urban energy evaluation, several key projects
and methodologies have emerged. The UrbanReNet
project by Dettmar et al. (2020) systematically mapped the
energetic properties of urban areas, analyzing prototypical
elements of urban architecture and spaces for energy and
structural values. This approach, combining urban mor-
phology and land use, allows for a representation of Ger-
many’s building stock. It integrates qualitative and quan-
titative methods for evaluating energy generation, storage,
and networking, leading to the development of mathemat-
ical models and software tools for neighborhood-level en-
ergy supply concepts.
GIS-based analyses have been pivotal in understanding en-
ergy dynamics in urban areas. März (2016) employedGIS-
based multi-criteria decision analysis to locate neighbor-
hoods at risk of energy poverty, focusing on space heating.
Alpagut et al. (2021) and Quénéhervé et al. (2018) used
GIS to optimize land use for solar production and its local
energy impact.
In identifying and classifying settlement areas, Jochem
et al. (2018) utilized geo-based vector data and machine
learning to classify residential settlements in Afghanistan,
while Gonzalez et al. (2020) applied deep learning to iden-
tify urban building typologies. Arribas-Bel et al. (2021)
and Perez et al. (2020) explored urban cluster analyses us-
ing modified DBSCAN and Bayesian Networks, respec-
tively, to analyze building types and urban functions.
Regarding city planning and administration, considering
neighborhood dynamics, Photis (2012) developed the SPi-
RAL algorithm for redistricting electoral districts. López-
Moreno et al. (2022) introduced a GIS-based approach for
classifying residential areas in Madrid, aiding in energy-
efficient urban renewal strategies. Similarly, Kelm et al.
(2019) applied a semi-automatic approach using official
geobase data in North Rhine-Westphalia (NRW) to cre-
ate block structures for city planning and administration,
demonstrating the growing importance of technology and
data in urban planning and energy management.
Our methodology’s choice of attributes for analysis
was guided by this literature review on urban neigh-
borhood characteristics, which highlighted key socio-
infrastructural and energy-related factors to include in our
study.

Methodology
Data Sources
In the process of identifying various reference districts
in Aachen, NRW, a robust data foundation is essential.
To conduct a comprehensive analysis, various public data
sources were utilized in this study, with the main focus
on the city of Aachen, located in western Germany. An
overview of the freely available data sources used can be

found in Table 1.
A central dataset titled ALKIS Real Estate Cadastre pro-
vides detailed information about plots and buildings in
NRW.According to the Surveying and Cadastre Law of the
state of NRW (VermKatG NRW), it offers extensive infor-
mation about the structure and identification of plots and
buildings. The cadastre, in which these data are recorded,
offers a wealth of information, including geometric and ge-
ographical data, usage, size, and development of each plot.
Additional datasets were sourced from the OpenGeo-
data.NRW portal, which includes, among others, informa-
tion on general and psychiatric hospitals, was last updated
in June 2023. Complementarily, locations of childcare
centers (KiTas) and schools were also incorporated into
the analysis, as they represent crucial social spaces within
a neighborhood.
Energy-related data, such as the location of renewable en-
ergy sources or potential areas for renewable energy in-
stallations, is sourced from the Energieatlas NRW. It is
collected and provided by the State Agency for Nature, En-
vironment, and Consumer Protection of NRW.

The Approach
In this section of our study, we describe the methodology
adopted for analyzing reference districts through a bi-fold
approach focusing on socio-infrastructural factors and en-
ergy sources. The objective was to leverage the clustering
of various public datasets to gain insights into neighbor-
hood structures.
Multiple variables are considered to provide a compre-
hensive view of the various characteristics and dynamics
within a neighborhood. This is achieved by first creating a
so-called feature matrix. A feature matrix is a table where
each row corresponds to an object (in this case, a build-
ing), and each column represents a feature or characteristic
of that object (e.g., the distance to churches). In this con-
text, the features represent urban planning factors. Each
entry in this matrix denotes the value of the corresponding
building feature. Once the feature matrix is established,
a clustering algorithm can be applied. The first cluster-
ing process aims to identify districts that show similari-
ties in terms of the features captured in the matrix. Af-
ter the initial clustering, in which districts are identified,
the dataset is enriched with additional information regard-
ing the building type and specific and absolute heating de-
mands from the Wärmekaster NRW dataset. Each district
is characterized by the total amount of contained build-
ings, the distribution of building types, and the district’s
aggregated heating demand. Districts with similar feature
values are grouped into the same cluster, resulting in a
reference district, while those with significantly different
values are classified into different clusters. This approach
enables a multidimensional examination of the neighbor-
hoods, allowing us to uncover hidden relationships and
patterns between neighborhoods that might be overlooked
in isolated analyses. Two different feature sets are consid-
ered and are described in the following sections.
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Table 1: Overview of the utilized freely available data sources

Dataset Description Source

ALKIS Real
Estate Cadastre Buildings, Plots Bezirksregierung Köln

(2024)

Geoportal.NRW Locations of Hospitals and Schools Lanuv NRW (2024b)

Wärmekataster Building Category, Building Type, Heat Demand Lanuv NRW (2024c)

Open Street Map Streets, Religious Institutions, Parks, Supermarkets, Car-
sharing, Restaurants

OpenStreetMap Con-
tributors (2024)

Solarkataster Locations of Rooftop and Open-space PV Lanuv NRW (2024a)

Energieatlas NRW Biomass, Wind power plants, Hydropower plants, Lignite,
Natural gas, Sewage gas, Mineral oil, Hard coal, Mine gas,
Landfill gas

Bezirksregierung Köln
(2024)

Socio-Infrastructural Approach
Various socio-infrastructural data were analyzed to exam-
ine a neighborhood’s social structure. These will be de-
scribed in the following.
In this study, building density is understood as the dis-
tance between individual buildings, which can provide in-
sights into population density and the intensity of residen-
tial developments in a neighborhood. Typically, buildings
in urban areas are constructed in close proximity to each
other, whereas in rural areas, the distance between build-
ings tends to be greater and more variable. For instance,
town or terraced houses often exhibit uniform distances
from one another.
Considering the distance of buildings to religious insti-
tutions might reveal social and urban structural patterns.
This concept dates back to ancient and medieval times,
when churches, temples, and even city halls evolved as fo-
cal points of urban planning (Kaupp (2022)).
Furthermore, green spaces enhance the quality of life for
adjacent residents, offering areas for both social interac-
tion and individual recreation. It is anticipated that the
proximity to parks influences the likelihood of residents
utilizing these areas for leisure activities, potentially shap-
ing local social and cultural boundaries.
In the state of NRW, according to the statewide hospital
plan, accessibility to hospitals within a 20-minute drive
should be guaranteed for 90% of its citizens (Ministerium
für Arbeit Gesundheit und Soziales des Landes Nordrhein-
Westfalen, 2023). In this context, the question arises
whether the location of buildings and, thus, their proximity
to hospitals plays a role in defining neighborhoods. Conse-
quently, distance was selected as a relevant attribute for in-
vestigating this relationship. Additionally, the locations of
schools and childcare centers might play a role in the social
delineation of neighborhoods. Children often attend the
school or childcare center closest to their residence. Areas
with such facilities are typically characterized by family-
friendly infrastructure, including playgrounds and similar
amenities. Hence, the distance to playgrounds is also con-

sidered a parameter for investigation.
Moreover, local businesses could influence the character of
neighborhoods. The distance to restaurants, for instance,
might indicate the liveliness of an area. Accordingly, dis-
tances to restaurants and supermarkets were included in
the study.
The spatial proximity to office buildings can indicate
places of work and potentially offer new urban planning
insights. Office buildings, often part of non-residential
structures, tend to concentrate in specific areas along with
other non-residential structures.
Furthermore, the structure of districts is often shaped by
the traffic route network. Examining this factor could re-
veal how street layouts influence the formation of neigh-
borhoods. In urban areas, car-sharing services are in-
creasingly spreading. Analyzing the locations of such car-
sharing facilities could provide indications of neighbor-
hood boundaries.
In calculating distance as a feature, the shortest distance
to the destination, for example, the nearest school, was de-
termined. For streets with a speed limit of 50 km/h, the
shortest orthogonal distance from a building to the street
was chosen as the feature.

Table 2: Clustering attributes for Socio-infrastructural
approach

Building
density

Car-
sharing

Religious
institutions

Office
buildings

Residential
buildings

Childcare
centers

Playgrounds Restaurants Supermarkets
Schools Parks Hospitals
Roads

(max. 50
km/h)

The complete set of attributes relevant to the Socio-
Infrastructure Model is detailed in Table 2.
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Energy Approach
In addressing the energy aspect of our study, we focus
on the significant shift from fossil fuels to renewable en-
ergy sources, a strategic move by the Federal Government
to counteract climate change. This transition is particu-
larly pertinent in NRW, Germany’s most populous state,
which boasts a wide array of energy sources. These range
from traditional fuels like lignite and mined gas to innova-
tive renewable technologies, including biomass and pho-
tovoltaic (PV) energy generation. The pivot towards re-
newable sources signifies the phasing out of fossil fuels,
underscoring the need to ensure continuous access to en-
ergy sources for the future. This is vital for maintaining an
efficient energy supply chain. The crux of our energy ap-
proach is the development of an urban model designed to
map out the distribution of various neighborhoods based
on energy sources within urban settings. A key aspect of
this model involves analyzing the proximity of buildings to
diverse energy carriers, thereby identifying potential areas
for the integration of renewable energy solutions based on
the density of energy sources. By mapping the city’s prox-
imity to these energy sources, our model not only high-
lights Aachen’s current energy infrastructure but also pro-
vides a blueprint for enhancing renewable energy uptake.
This approach aligns with national efforts to transition to-
wards a more sustainable and environmentally friendly
energy mix, reflecting a commitment to reducing carbon
emissions and combating climate change. The following
attributes were considered for the clustering:

• Roof-surfaces PV
• Open-space PV
• Wind power plants
• Hydroelectric power plants
• Sewage gas
• Biomass availability

Integrating these two approaches enables us to construct
a multidimensional description of urban neighborhoods,
highlighting both challenges and opportunities in socio-
infrastructural development, energy efficiency, and renew-
able energy utilization. Subsequently, districts from both
approaches are enriched with data on building types and
heating demand, resulting in a comprehensive dataset en-
compassing all identified districts and their attributes. An
extra clustering step is then conducted to define reference
districts, enabling the assignment of district types from the
social infrastructure and energy perspectives.
After careful consideration of various algorithms, the k-
means clustering method was chosen based on its effi-
ciency in processing large datasets and its simplicity in
implementation. Furthermore, the main hyperparameter
k, the number of clusters, is highly interpretable, allowing
expert knowledge to inform the algorithm tuning process.
While DBSCANwas considered for its density-based clus-
tering capabilities, it is earmarked for future work; how-
ever, it was discarded for the first proof of concept due to
its complex parameter tuning.

Further, to evaluate the effectiveness of the k-means al-
gorithm in producing meaningful clusters, we employ the
Silhouette method. The Silhouette method is a popular
evaluation technique, offering a quantifiable measure of
cluster cohesion and separation, providing a robust justi-
fication for the selected number of clusters compared to
other methods like the Elbow Method. It provides a suc-
cinct graphical representation of how well each object has
been classified. The Silhouette score ranges from -1 to
+1, where a high value indicates that the object is well-
matched to its own cluster and poorly matched to neigh-
boring clusters. This method is particularly useful in deter-
mining the optimal number of clusters and in assessing the
quality of the clusters formed by the algorithm. A hyperpa-
rameter study was conducted using the Silhouette method
for k-values ranging from 6 to 70. The minimum num-
ber of clusters was determined based on the number of the
seven main administrative districts in the city of Aachen.
The choice of the upper limit of 70 was also informed by
the results of the Social Development Plan of the city of
Aachen (Stadt Aachen, 2020).
Through this methodological approach, we aim to achieve
a robust clustering of the given data to find definable refer-
ence districts, providing valuable insights into the under-
lying patterns and relationships within the dataset.
The study used the High-Performance Computing Clus-
ter (HPC) at RWTH Aachen University for intensive com-
putations. Due to QGIS’s limitations in processing large
datasets and tuning hyperparameters, it was replaced by
Python for analysis, while QGIS was used only for visual-
ization. The research employed Python libraries like sci-
kit-learn for machine learning, GeoPandas and Pandas for
datamanagement and feature selection, and Fiona for load-
ing geo-referenced data.

Results
Socio-infrastructural Approach
Themethodology focussing on the socio-infrastructural at-
tributes enabled us to delineate 54 unique districts, each
representing a specific typology. The resulting cluster map
can be seen in Figure 1. It can be observed that the larger
clusters tend to be near and around the city center, which
can be explained by the higher density of social infrastruc-
ture in the historical urban core.
Our analysis revealed significant differentiation among
the clusters, particularly in terms of their spatial distribu-
tion and proximity to key urban infrastructures. For in-
stance, significant variations were observed when exam-
ining the distribution of average distances of all clusters
to residential buildings. Some clusters were characterized
by notably shorter distances to residential areas, suggest-
ing a predominance of residential use within those dis-
tricts. This observation hints at the potential functional
specialization of neighborhoods, where some are more
residentially-focused while others may serve different ur-
ban functions.
Further examination of the average distance to religious in-
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Figure 1: Clustering result of the Socio-Infrastructural-Model:
54 districts were identified

Figure 2: Clustering result of the Energy-Model: 58 districts
were identified

stitutions across clusters also highlighted distinct patterns.
Certain clusters demonstrated closer proximity to these in-
stitutions, reflecting their potential role in the social and
cultural fabric of those neighborhoods. This differentia-
tion in proximity to key urban elements underscores the
diverse character of urban districts and their unique con-
tributions to the city’s overall structure.
Additionally, the analysis of the distribution of average
distances for various attributes revealed nuanced differ-
ences between clusters. While some attributes showed a
relatively linear distribution across clusters (e.g., distance
to healthcare facilities), others exhibited significant vari-
ability (e.g., distances to childcare centers).
The observed variation indicates that specific urban char-
acteristics might play a more significant role in distin-
guishing neighborhood types. There’s a notable dispar-
ity in the number of buildings per cluster; for instance,
clusters in the city center encompass over 6000 buildings,
whereas those on the city’s outskirts may have as few as 65
buildings. Additionally, there’s a trend where the propor-
tion of non-residential buildings in a cluster tends to rise
with its distance from the city center. Meanwhile, the heat-
ing demand seems to be proportional to the cluster size.

Energy Approach
While looking at the different locations of energy re-
sources in the city of Aachen, a total of 58 different clus-
ters were found, with a Silhouette value of 0.38. Figure 2
shows the different clusters based on the location of vari-
ous energy sources.
The clusters, each representing a unique combination of
energy source proximity, were visually represented to pro-
vide insights into the spatial distribution of energy infras-
tructure across the urban fabric. This visualization under-
scores the variance in access to different energy sources

across neighborhoods, such as biomass producers and PV
installations. This examination revealed notable differ-
ences in how closely neighborhoods are situated to renew-
able energy sources, highlighting areas with potential for
further development of sustainable energy solutions.
In particular, the study found varying degrees of prox-
imity to biomass energy producers and rooftop PV sys-
tems across the clusters. Some clusters demonstrated close
proximity to biomass sources, suggesting an emphasis on
bioenergy utilization, while others were characterized by
greater distances, indicating potential areas for increased
biomass energy integration. Similarly, the examination of
distances to PV installations provided a snapshot of the
penetration of solar energy within urban areas, identify-
ing clusters that could benefit from enhanced solar energy
deployment.
In contrast to the first method, the range of building distri-
bution per identified cluster is significantly narrower, with
the highest count being 2334 buildings and the lowest at
70. Additionally, the total heating demand correlates less
with the number of buildings and more with the types of
buildings present. The distribution of building types per
cluster also exhibits a less steep gradient compared to that
observed in the first approach.
This clustering analysis sheds light on the intricate rela-
tionship between urban form and energy infrastructure, of-
fering a foundation for targeted urban planning and energy
policy development. By pinpointing districts with spe-
cific energy characteristics, policymakers and planners can
tailor strategies to optimize energy efficiency and expand
renewable energy use within urban ecosystems. This ap-
proach not only contributes to the sustainability of urban
areas but also supports broader goals of energy transition
and climate change mitigation.
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Reference Districts
Integrating districts from socio-infrastructure and energy
methods into a unified clustering process resulted in the
identification of six unique reference district types. These
types were defined by key characteristics: the total number
of buildings in each cluster, the variety of building types,
and the total aggregated heating demand. This compre-
hensive overlay of districts from both methods facilitated
their categorization into one of the six reference types, as
depicted in Figure 3. The clustering effectiveness, mea-
sured by the Silhouette score, was 0.433 for k=6.

Figure 3: Results of the Reference Districts Clustering: Overlay
of Socio-Infrastructural and Energy Model Districts

On the map, it is clearly visible that the reference district
types form an orbicular pattern around the city center. Ta-
ble 3 summarizes the mean distributions of each building
type and specific heating demand for the six reference dis-
trict types.
Cluster number four represents Aachen’s urban center and
is the city’s most densely populated region, which is ev-
ident from the high number of buildings in this refer-
ence district. Characterized predominantly by large multi-
family housing (BMFH), this cluster has the highest spe-
cific heating demand among all clusters, significantly ex-
ceeding others. In contrast, cluster two, encompassing the
city’s outskirts, has the lowest heating demand. Clusters
one and six share striking similarities, not only in residen-
tial building distribution but also in heating demand and
location, as depicted in Figure 3. However, there are sig-
nificant differences in their absolute heating demands. The
total demand of cluster six is nearly 1.5 times higher than
that of cluster one.
A detailed examination of Table 3 highlights the primary
emphasis of the clustering process. It shows that each iden-
tified reference district type is predominantly character-

ized by a single building type.

Discussion
The clustering approach uses a feature matrix aimed at a
holistic approach, considering multiple attributes simul-
taneously. In this study, while defining two base mod-
els for identifying typological neighborhoods using pub-
lic datasets, it was crucial to select relevant attributes, as
irrelevant ones could distort outcomes. Selecting specific
attributes for clustering still remained a subjective chal-
lenge. The approach incorporated biases related to socio-
infrastructural aspects to provide insights into patterns that
may be prevalent across other communities within NRW
and thereby acknowledging the influence of preconceived
constructs of the attributes. The results demonstrated that
not all attributes cluster effectively, with some showing lit-
tle variance across neighborhoods, highlighting the need
for careful attribute selection in urban area analysis due to
the dynamic nature of urban development and infrastruc-
ture changes. Additionally, increasing dimensions compli-
cated clustering without compromising quality, often re-
sulting in indistinct clusters.
The chosen k-means algorithm necessitates predefining
the number of clusters (k), with determining the ideal num-
ber being a significant challenge. Computation efficiency
requires setting a specific range for k, as demonstrated in
the Aachen case study. However, estimating this range be-
comes increasingly complex for larger or more diverse ge-
ographical areas, such as the whole state of NRW, which
encompasses multiple cities and rural areas, the latter be-
ing outside the scope of this study. The utilization of the

Figure 4: Silhouette score for k-means clustering of
Socio-Infrastructural-Model for different k

Silhouette score to identify the optimal ’k’ for k-means
clustering was a critical component of our analysis. This
evaluation method, grounded in mathematical principles,
provides a quantifiable measure of cluster coherence and
separation. However, it is essential to note the distinction
between the mathematical assessment of cluster quality
and the perceived social characteristics of neighborhoods.
While the mathematical evaluation offers a systematic ap-
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Table 3: Mean distribution of cluster attributes: Single-Family-Dwelling (SFD), Big-Multi-Family-House(BMFH), Terraced House
(TH), Multi-Family-House (MFH), Non-Residental Buildings (Non.-Res), specific heating demand (demand)

Cluster SFD BMFH HR MFH TH Non-
Res.

demand
kWhm−1 a−1

1 pink 490.2 106.17 0.5 80.66 314.37 169.79 156305.82
2 red 190.22 33.87 0.1 34.66 67.00 93.06 56945.96
3 orange 232.90 728.60 1.30 205.30 257.90 535.00 269755.08
4 yellow 411.0 2451.00 4.0 825.0 545.00 2370.00 956452.06
5 green 787.50 746.00 1.0 351.00 915.00 587.50 472010.96
6 blue 355.75 164.25 5.25 101.75 178.25 353.25 157519.04

proach to determining cluster quality, it may not capture all
aspects relevant to interpreting these clusters effectively.
Moreover, it was observed that the graph displayed compa-
rably high Silhouette scores with significantly fewer clus-
ters (Figure 4). This phenomenon suggests that a more
compact cluster formation can provide a similarly coher-
ent and well-separated structure as configurations with a
larger number of clusters. This finding is particularly il-
luminating, as it implies that optimal clustering does not
necessarily equate to maximizing the number of clusters
but rather to identifying a configuration that balances clus-
ter coherence with the complexity of the model. This dis-
crepancy underscores the importance of not solely relying
on quantitative metrics for interpreting cluster results. An
understanding of the urban structure, historical develop-
ments, and other pertinent factors should also be incor-
porated. Such a holistic approach ensures that the inter-
pretation’s significance is not merely confined to numeri-
cal values but is enriched by a comprehensive context of
neighborhood structures.

Conclusion and Future Work
This study yielded significant insights into the feasibil-
ity of neighborhood classification studies while highlight-
ing opportunities for future research. It showcased an
innovative approach to urban planning and energy man-
agement by integrating socio-infrastructural and energy
data to identify reference districts within Aachen, NRW.
The cluster analysis conducted for Aachen revealed spe-
cific structural and characteristic patterns within its neigh-
borhoods. By employing clustering techniques on pub-
lic datasets, the research illuminated the complex inter-
play between urban form, energy infrastructure, and so-
cial dynamics, contributing valuable insights into sustain-
able urban development and the energy transition. The
methodology demonstrated the potential of using machine
learning and GIS technologies to dissect and understand
the multifaceted characteristics of urban areas. However,
the study also highlighted several challenges, including the
subjectivity in selecting clustering attributes, the difficulty
in managing and integrating large and diverse datasets,
and the computational demands of processing extensive
urban data. Applying the same analysis to the entire state
of NRW would likely yield different results due to its di-

verse composition of cities, rural areas, and villages, each
with unique structures and attributes, requiring spatial un-
derstanding and various validation methods. Investigating
various validation methods could also comprehensively
assess cluster result quality. A systematic examination
of the weighting of individual characteristics may enable
a more nuanced, context-specific classification, acknowl-
edging the varying impacts of different features on neigh-
borhood formation. These challenges underscore the need
for further refinement of the methodology and the explo-
ration of more advanced machine learning techniques to
enhance the precision and applicability of the findings.
Additionally, integrating socio-economic or environmen-
tal indicators could better represent neighborhood charac-
teristics and contribute to developing more comprehensive
models. Including the performance and impacts of energy
producers on the power and heating networks and building
energy inputs in the study of energy neighborhoods could
offer a more holistic view.
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Abstract 
Accurately assigning metadata of RFIs plays an important 
role in the analysis and management of RFI documents. 
However, these metadata are manually entered in the RFI 
management system, which results in loss of time and 
incorrect entries. This study aims to demonstrate that 
metadata of RFI documents can be extracted and assigned 
automatically using natural language processing and 
machine learning algorithms. To achieve this aim, the 
performance of Naïve Bayes and K-Nearest Neighbor 
algorithms are evaluated and compared. The results show 
that machine learning models perform well in 
automatically extracting the metadata of RFIs and, the 
performance of machine learning models for each label 
varies. The findings of this study can be used to develop 
an artificial intelligence based RFI management system 
by integrating natural language processing and machine 
learning models into the system. 

Introduction 
In construction projects, documents such as drawings and 
specifications may not address all aspects of the 
structures to be built or may contain deficiencies, 
uncertainties, and overlaps. These issues need to be 
clarified through Request For Information (RFI) 
documents (Shim et al., 2016). Hanna et al., (2012) 
defines RFI as “ a formal written procedure initiated by 
the contractor seeking additional information or 
clarification for issues related to design, construction , 
and other documents”. RFIs are a  communication tool 
between the design team and the construction team (Bhat, 
2017). Even though it holds significance, RFI, as a 
communication channel, is frequently perceived 
negatively within the project (Aibinu et al., 2019). This is 
due to the effort involved in initiating an RFI, as well as 
the process of reviewing and generating responses (Afzal 
et al., 2023). The response time for RFI can become 
critical and have a negative impact on progress in the field 
(Kelly and Llozor, 2020). Moreover, a delay in 
responding to the RFI, or the absence of a response 
altogether, can lead to a sense of frustration and mistrust 
among project team members (Philips-Ryder et al., 2012; 
Afzal et al., 2023).  
Utilizing common data environments, such as Aconex 
and Procure, assists in overcoming the challenges 
associated with Request for Information (RFI) 
management. These platforms facilitate online 
communication and provide a means to track 
information effectively (Das, Tao and Cheng 2020; 
Afzal et al., 2023). However, metadata, which is a 

classification output, is typically entered manually into 
common data environments and the users are reluctant 
to fill out the related metadata, since this process 
requires additional time and effort. This results in 
inaccurate or incomplete metadata, which is 
problematic because metadata holds significant 
importance when analysing the unstructured RFI text 
data to obtain valuable insights and lessons learned to 
manage future projects in a more effective way. The 
erroneous metadata entry directly impacts the data 
quality, consequently influencing the outcomes of 
analysis studies.  
This paper proposes to use Natural Language 
Processing (NLP) and machine learning models to 
automatically extract discipline code, which is one of 
the RFI metadata. To achieve this, NLP processes were 
applied to the RFI documents and Naïve Bayes (NB), 
K-Nearest Neighbor (KNN) algorithms were used to
classify the RFI documents according to their
disciplines. This approach enables extraction of the
metadata of RFIs in an automated way. It reduces the
time required for filling out the metadata of RFIs and
results in effective management and analysis of RFIs by
reducing erroneous or incomplete metadata.

Literature Review 
Automatic extraction of metadata from documents is 
associated with the automatic classification of 
documents. Documents can be classified according to 
their metadata by using NLP and machine learning 
models. In the early 2000s, studies were conducted on the 
automatic extraction of metadata from texts in different 
domains, such as marketing, information-document 
management, educational sciences (Paik et al., 2001; Han 
et al., 2003; Yılmazel and Finneran, 2004). In these 
studies, rule-based methods were combined with NLP. 
Later, with the increase in the processing power of 
computers, machine learning models have been 
integrated with NLP instead of rule-based approach to 
automatically extract metadata.  

Valdez et al. (2016) developed a natural language 
processing-based ontology for extracting metadata from 
texts in the biomedical domain. In addition, a natural 
language processing-based ProvCaRe-NLP tool was 
developed to perform clinical text analysis and 
information extraction.  Some other studies used NLP and 
ML on metadata stored in a computerized maintenance 
management system (CMMS). Zhang et al. (2020) 
employed the information contained in failure 
notifications to forecast failure codes and assess the 
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precision of the labels. Texts are converted into word 
counts after NLP preprocessing. The SMOTE (Synthetic 
Minority Oversampling Technique) algorithm  is utilized 
to balance the classes. In the final stage, one of the eight 
supervised machine learning models that are used in the 
classification problem,  such as Support Vector Machine 
(SVM), NB, or Logistic Regression (LR), was applied. 
Arif-Uz-Zaman et al. (2017) sought to enrich the 
metadata in a Computerized Maintenance Management 
System (CMMS) by classifying downtime notifications 
as either resulting from a failure or indicating no failure. 
In this study, the vectors obtained after applying NLP 
operations to the text data are used as input for SVM and 
NB algorithms. The SVM algorithm is noted to achieve 
the highest performance.  
Tanguy et al. (2020) applied the SVM algorithm to 
categorize fault notifications in their study. The study 
demonstrated that incorporating all 3-character substrings 
along with word stems resulted in a slight enhancement 
compared to using only words. This improvement is 
likely attributed to the inclusion of abbreviations, 
compound terms, and alternative writing forms. 
Deloose et al. (2023) have made a recent contribution to 
the study of CMMS metadata, in which natural language 
processing techniques and artificial models are utilized to 
forecast and rectify CMMS metadata. The performance 
of shallow machine learning models and deep machine 
learning models using multiple labels were compared. 
Random forest algorithm (RF), which is a shallow 
machine learning model, and Recurrent Neural Networks 
(RNN), which are deep learning methods, gave better 
results than other algorithms. It was also identified that 
the RNN algorithm performed slightly better than the RF 
algorithm. 
In the field of construction management, studies on 
automatic classification of documents focuses on the 
accident analysis/occupational safety management, 
contract management, building information modeling 
(BIM), and facility management. In the studies related to 
the accident analysis and occupational safety 
management, accident reports were analyzed and the 
performances of machine learning models in the 
automatic classification of accident reports were 
compared. Tixier et al. (2016) used Stochastic Gradient 
Tree Boosting (SGTB) and Random Forest (RF) 
algorithms. The SGTB algorithm performed better than 
the RF algorithm. In Goh and Ubeynarayana (2017), the 
performances of six different machine learning models 
were compared, and the SVM algorithm showed the best 
performance.  
In the area of contract management, studies involving 
automatic classification were conducted using NLP and 
ML (Yilmaz and Dikbas, 2013; Yilmaz, 2013; Candas, 
2022; Eken, 2022). In Yilmaz and Dikbas (2013), dispute 
decision documents were classified using four machine 
learning algorithms. The algorithm with the highest 
accuracy was decision tree (DT).  Eken (2022) conducted 

classification work to automatically review construction 
contracts. Five different machine learning algorithms are 
combined with different vectorization techniques. 
Models that perform well were selected and combined 
with ensemble learning. Candas (2022) conducted 
research on the multi-obejctive semantic analysis of 
construction contracts. NLP and machine learning 
algorithms were applied for the purposes of the automatic 
classification of contract clauses according to 
departmental relevance and accurately predicting the 
presence of ambiguity in contract clauses. The SVM and 
DT algorithms demonstrated the best performance.  
The classification studies were also carried out for 
analysis of RFIs, but these classification studies were 
mostly performed manually (Tilley et al.,1997; Morales 
et al., 2022). In their studies on the analysis of RFIs, the 
researchers manually classified RFI documents under 
three main headings according to type, cause, discipline. 
The manual classification of texts is acknowledged as 
time-consuming and error-prone. The process of 
manually categorizing thousands of RFI documents 
inevitably prolongs the time required to finalize the 
analysis. Additionally, misclassifications significantly 
impact the accuracy and reliability of the analysis 
outcomes concerning RFI documents. Consequently, the 
adoption of an NLP-based approach to analyze RFI 
documents offers potential benefits, such as shorter 
analysis times and more precise analysis results. 

Methodology 
Python programming language, Natural Language 
Toolkit and Scikit-learn library were used for natural 
language processing and machine learning methods 
applied to RFI documents. The original dataset is the RFI 
documents extracted from the common data environment 
of a project. In order to improve the quality of the original 
dataset, RFI documents with a lot of noise and very short 
descriptions were excluded. The metadata to be 
automatically retrieved from the RFIs was the selected as 
discipline (i.e., architectural, electrical, mechanical, and 
structural). The dataset comprises 25 RFI documents for 
each discipline. In total, 100 RFI text documents were 
analyzed. The RFI documents retrieved in .pdf format and 
each RFI document was turned into .txt format. 
Implementation workflow for automatic extraction of 
RFI discipline metadata is shown in Figure 1. It has three 
main steps: Label assignment, NLP and machine 
learning. In the first step, each RFI document was labeled 
in terms of discipline. In the second step, NLP techniques 
were applied. NLP techniques were performed using the 
Natural Language Toolkit (NLTK) in  Python. These 
blocks, also known as modules in NLTK, aid in tasks 
such as tokenization, stemming, lemmatization, and data 
classification. First, RFI documents were tokenized. 
Tokenization involves breaking a sequence of text into 
smaller units, referred to as tokens. These tokens can vary 
in size, ranging from individual characters to entire words 
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(Manning et. al., 2009). Second, punctuation marks and 
stop words were removed from each RFI document. 
Punctuation removal is often performed to diminish the 
dimensionality of the data and to eliminate elements that 
may not carry significant semantic meaning for certain 
NLP tasks. Thirdly, stop word removal was performed. It 
is a common preprocessing step in NLP where frequently 
occurring words, known as stop words, are removed from 
a text corpus. These words are often common (i.e., ‘the’, 
‘a’, and ‘in’) and do not contribute significantly to the 
understanding of the content. Finally, RFI text data was 
converted into vectors via vectorization process. 
Vectorization techniques transform text data into a form 
that a computer can make sense of. In this study, Bag of 
Words (BOW) vectorization technique, one of the mostly 
used vectorization techniques (Qader et al., 2019), was 
used. BoW  was utilized to represent text based on the 
number of word occurences, using a fixed-length vector 
created from a vocabulary. The BoW technique was 
implemented using the Scikit Learn Python library.  

Figure 1: Implementation workflow for automatic extraction of 
RFI discipline metadata 

In the third step, machine learning algorithms were 
applied. The automatic extraction of metadata from RFI 
documents is a classification problem. Therefore, 
supervised machine learning models need to be trained, 
and two classification algorithms, Naïve Bayes and K-
Nearest Neighbor, were selected. Bayes’ rule is used to 
calculate the probabilities of the classes. The NB 
algorithm is based on Bayesian Decision Theory 
(Alpaydin, 2014) and the NB model is the most widely 
used Bayesian network model in machine learning. The 
term “naïve” is used because the NB algorithm is based 
on the assumption that attributes are conditionally 
independent of each other (Russell and Norvig, 2010). It 
is extensively used in text categorization tasks, including 
document classification and spam e-mail detection.  
The K-Nearest Neighbor classifier categorizes the input 
into the class with the highest frequency among the k 
neighbors of the input. Each neighbor holds an equivalent 
vote, and the class with the highest count of votes among 
the k neighbors is chosen. Ties are resolved arbitrarily or 
through a weighted vote. Typically, k is chosen as an odd 
number to reduce ties, especially when confusion occurs 
between two adjacent classes (Alpaydin, 2014). 

First, the data was split into 80/20, where the first 
percentage represented the proportion of data allocated to 
the training set, and the second percentage represented 
the testing set. Validation was performed before testing 
the model within training set. The selected algorithms are 
trained to automatically extract RFI discipline metadata. 
Then the KNN and NB algorithms were trained and tested 
by using the output of the vectorization process. 
Traditionally, two metrics are commonly used for 
measuring the performance of machine learning models: 
Precision and Recall. Precision measures the proportion 
of truly relevant documents in the result test. Recall 
measures the ratio of all relevant documents in the corpus 
that are included in the result set. It is possible to achieve 
a balance between precision and recall by adjusting the 
size of the returned result set. The F1-Score is the 
harmonic mean of sensitivity and recall (Russell and 
Norvig, 2010). 
Precision, recall and F1Score values are calculated by 
substituting the parameters shown in Table 1 into the 
equations (1) to (3).  

𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 = !"
(!"$%")

(1) 

𝑅𝑒𝑐𝑎𝑙𝑙 = !"
(!"$%')

(2) 

𝐹1𝑆𝑐𝑜𝑟𝑒 = (	*	"+,-./.01	*	2,-344
"+,-./.01$2,-344

(3) 

Table 1: True and false positives and negatives 

Relevant Irrelevant 

Retrieved True Positives 
(TP) 

False Positives 
(FP) 

Not retrieved False Negatives 
(FN) 

True Negatives 
(TN) 

Findings 
In the BoW vectorization process,  word counts were 
performed for each discipline and they are used as input 
when applying the BoW technique. Twenty most 
common words related to the architectural discipline 
were determined and used in the vectorization process. 
The first five most repeated words out of the 20 most 
common words are given in Figure 2.  
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Figure 2: First five most common words in RFI documents 
related to the discipline of architecture 

Similar to the architecture discipline, twenty most 
common words related to structural, mechanical and 
electrical disciplines  were identified. The first five most 
repeated words out of the 20 most common are reported 
in Figure 3 to 5 for structural, electrical, and mechanical 
disciplines respectively. 

Figure 3: First five most common words in RFI documents 
related to structural discipline 

Figure 4: First five most common words in RFI documents 
related to electrical discipline 

Figure 5: Some of the most common words in RFI documents 
related to mechanical discipline 

After the vectorization process, the NB and KNN models 
were trained. %80 percent of the data was used for 
training and %20 percent for testing. The content of the 
eighty percent training set was changed ten times and 
validation work was carried before the test phase. At 
different iterations, the performance fluctuation of the 
trained algorithm was checked. The performance result of 
the trained NB algorithm is shown in Figure 6. After ten 
iterations, the Average Precision, Recall, and F1 Score 
values are approximately 85%, 82% and 82% 
respectively. The NB algorithm proves to be highly 
successful in automatically extracting the discipline 
metadata of RFIs. 

Figure 6: Performance results of the NB algorithm 

The tuning of the hyperparameter k corresponding to the 
number of nearest neighbors is important for enhancing 
the performance of the KNN algorithm.  
The performance results for different k numbers are 
determined and compared as shown in Figure 7. The 
results illustrated that KNN demonstrated the best 
performance when k was set to 5. Precision, Recall and 
F1 Score values are approximately %75, %60 and %62, 
respectively. 
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Figure 7: Performance results of KNN algorithm for different 
k values 

Comparative performance results of NB and KNN 
algorithms are given in Figure 8. NB algorithm showed 
much better results than KNN algorithm according to 
precision, recall and F1-Score criteria. Overall, the 
findings have illustrated that one of the metadata of RFIs, 
which is discipline, can be successfully extracted 
automatically.  

Figure 8: Comparative performance results of the algorithms 

Conclusion 
In this study, an NLP and machine learning-based model 
is developed to automatically extract the discipline, 
which is one of the metadata of RFIs. The performances 
of the two machine learning models, NB and KNN 
algorithms, are compared. The average precision of the 
NB algorithm is around 85%, while for the KNN 
algorithm, it is approximately 75%. In the case of KNN, 
it was demonstrated that the KNN algorithm gave better 
results for k=5. 
The model proposed in this study has the potential to 
prevent time losses during the manual entry of metadata 
for RFIs in the common data environments, and it can 
contribute to a reduced number of incorrect entries.  
An artificial intelligence based RFI management system 
can be developed by integrating NLP and machine 
learning models into the system. As a result, RFI 
management systems will be more effectively used. The 
utilization of emerging technologies and data-driven 
analytics can be harnessed to augment the RFI analysis 
process, leading to improvements in overall project 
efficiency (Afzal et al., 2023).  

In future studies, we plan to conduct a more 
comprehensive analysis by expanding the dataset and 
diversifying the algorithms. In addition to training 
shallow machine learning models, it may be beneficial to 
explore the development of deep learning models. 
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Abstract 
Efficiency in safety management at construction sites is 
an extremely present issue despite the many technological 
advances that could represent valuable means of support. 
This is because safety is a complex, multifactorial field in 
which the human factor plays a central role. It is precisely 
for the latter reason that finding systems that integrate 
technology into processes in as natural a way as possible 
is a challenge to be met. In this context, this research aims 
to develop a Digital Twin that takes use of Natural 
Language Processing for supporting safety during 
construction site operations through communication 
improvement. 

Introduction 
Construction is a complex process that requires decisions 
at every stage.  Decision makers are inevitably influenced 
by past experience, situational knowledge, and other 
human factors. This often results in operational 
inefficiencies or safety and environmental problems 
(Saini et al., 2022). Safety management on construction 
sites has always been a critical issue in the construction 
sector since, as is well known, among all industries this is 
the one with the highest number of fatal accidents even 
today (Mihic et al., 2019). In this context, the support that 
could be given by innovative technologies still fails to be 
incisive (Yap et al. 2022). What makes it extremely 
difficult to go to work on incorporating new technologies 
into safety management worksites is that it is a complex 
issue. The explanation for this lies in multiple factors 
(Giri, 2020): 

- the construction site is a workplace that evolves
(rapidly) over time.

- construction procedures are not as precisely
defined as operations within factories.

- the centrality in many cases of workers in
implementing safety procedures and thus the
human factor (Haupts et al., 2019).

- health and safety risk assessments, especially in
the drafting of safety plans, which often use
standard prescriptions instead of identifying, on
a site-by-site basis, the main critical issues.

All of this contributes to the fact that what happens on a 
construction site, including from a safety management 
perspective, is difficult to predict in advance and therefore 
needs appropriate tools. This complexity has also led over 
time to a misguided approach of focusing on certain types 
of hazards while neglecting an integrated approach (Mihic 
et al., 2019).  
This has resulted in the paradigm recently promoted for 
the management of domains characterized by high 

complexity, namely the concept of digital twin (DT) 
(Saini et al., 2022). Due to the characteristics of real-time 
interaction and self-evolution, DT is considered the best 
technology that can contain all the required information 
(Zhao et al., 2019). One aspect that is often overlooked in 
DT development, however, is the circularity of 
information that on the one hand is collected from the real 
environment but on the other hand should return to it so 
that the agents involved can learn about the information 
and possibly self-correct. This approach from a safety 
perspective is called safety II. In order, however, to 
communicate the information needed for safety 
management on the job site, one aspect to consider is that 
this information be easily usable and integrated into the 
processes. The use of natural language represents an 
optimal method of communication on the construction 
site for the purpose of human-machine interaction that is 
as natural as possible. The innovation proposed in this 
research concerns the integration of several innovative 
technologies (localization using UWB and RTK sensors, 
natural language, BIM approach for representing the built 
environment) in order to develop an application to support 
safety in construction processes. One of the innovative 
aspects is the use of NLP in spoken form, as opposed to 
the more widely used automatic text analysis, is the 
communication improvement on the construction site. 
This together with the early detection of dangerous 
situations through the development of DTs represents a 
method to apply a safety II approach with the aim of 
guiding workers toward recommended attitudes rather 
than pursuing an exclusively prescriptive approach.  

Literature review 
The construction industry is recognized for its dynamic 
and complex nature. Safety planning in construction 
environments is therefore challenging. Moreover, due to 
the lack of standardization of production processes it is 
very complicate to incorporate new methods and 
technologies into workflows without disrupting the entire 
industry. Among new technologies, BIM is the most cited 
approach in the literature. This is usually used in 
conjunction with other innovative technologies or the 
basis for others (e.g., AR) (Khudhair et al., 2021). This is 
also because if BIM means IFC this represents only a part 
of all the knowledge underlying the processes of the 
construction industry, namely the objects of which a 
building is composed. Missing from this representation 
are a number of crucial parts including the representation 
of processes, workings, economic aspects and temporal 
aspects. Furthermore, in the construction industry textual 
information (including BIM) is the dominant data type 
that exists in every stage of construction management, 
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with over 80% of it being unstructured (Shamshiri et al., 
2024; Wu et al., 2022). This information format is not 
very convenient to use on the construction site. It is 
precisely this high percentage of written text in 
construction management that has caused much research 
over the years to introduce natural language as a tool for 
handling this amount of data. Some approaches to Natural 
Language Processing (NLP) involve its use for 
interpreting documents. In (Fang et al., 2020) they 
developed a novel approach for classifying text contained 
with safety reports specifically in the case of near misses 
using NLP specifically to gather information in a smart 
way. Similarly (Baker et al., 2020) test two state-of-the-
art deep learning architectures for NLP, providing a 
method for identifying (after training) the textual patterns. 
Again, the application of NLP is focused on automation 
in document interpretation. (Martinez et al., 2020)’s 
retrieval systems have been proposed for retrieving 
accident cases and supporting health and safety plan 
preparation. (Tian et al., 2023) have developed an 
information retrieval system that can answer questions 
about the best procedures to follow regarding safety 
during operations. Shamshiri et al., 2024 highlight how 
the use of NLP applications interests’ safety management 
much more than the other domains of interest. Despite 
this, most text classification and information extraction 
applications have been widely used for the specific task 
of construction site accident and injury reports. 
However, one aspect lacking in safety management is 
communication, and so natural language voice interaction 
(rather than written) could be a real breakthrough in 
workplaces where the use of paper and digital texts is not 
very smooth. There are two different types of interactions 
that can be imagined on a construction site between 
human agents and a Vocal Virtual Assistant (VVA). The 
first one requires the user to begin an interaction (passive 
VVA). The second one requires the system to monitor the 
human and artificial agents on the construction site, and 
proactively sends voice commands or requests to specific 
human actors on the field (pro-active safety VVA). 
In the present work we focus on pro-active safety VVAs 
because assuming that workers would actively begin an 
interaction with a safety VVA would be equivalent to 
assuming that they continuously have a high degree of 
awareness level for safety hazards on their working 
environment. Unfortunately, field experience and the vast 
literature on construction site risk management and 
hazards teach us that repetitive and tiring tasks such as 
those characterizing the construction industry induce the 
workers to lower their safety hazards awareness levels. 
This motivates the development of a methodology for 
implementing an efficient pro-active safety VVA that 
would either provide useful safety hints to the workers on 
site or ask questions that aim to raise the level of attention 
of the worker potentially at risk. 

Methodology  
In Fig. 1 a methodology is introduced for driving the 
integration of the required technologies (see Fig. 1). The 
methodology spans two of the main stages of a 

construction project, viz. system set up and construction 
phase. During system set up, the first step concerns the 
digital representation of agents that are relevant for safety 
reasons (workers, vehicles, equipment, ...). Next, a 
connection between the real environment and the digital 
environment is established and maintained along time 
installing and configuring a network of sensors capable of 
localizing the described agents in the construction site (the 
technology for the sensor network is chosen based on the 
specific construction site, and especially it depends on 
whether it is outdoor, indoor, or mixed). In the Natural 
Language Processing step, the NLP microservice of the 
platform is fed with a set of sentences that should be 
recognized or reproduced by the platform itself in order to 
interact with the workers when it is needed. The 
construction phase is divided in two main steps: 
construction site monitoring and interaction. The former 
observes the positions of the agents in the construction 
site and detects whether some of the rules should be 
activated. The latter takes care of the voice interaction 
with the worker following the specific rules that are 
activated during the monitoring step, if any. 

Safety knowledge digital representation 
Construction site safety management is a complex issue 
because it requires the knowledge and integration of 
different information. Indeed, aspects that are part of 
safety concern workers, equipment, operations, hazards 
and spaces to name a few. Multiple efforts to represent 
aspects concerning safety can be found in the literature. 
From methods to classify hazards (Mihic et al., 2018; 
Fang et al., 2020; Johansen et al., 2023) to integrations 
with existing built classification such as IFC (Farghaly et 
al., 2022) contexts (Doukari et al., 2024; Gao et al., 2022) 
and rules (Shen et al., 2022).What is clear from these 
studies, however, is that to create an ontology that can 
collect everything that is needed for construction site 
safety monitoring is almost impossible.  

Figure 1 - Methodology 
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This is because the domains to which the various parts to 
be taken into account refer are very different, and in the 
perspective of digitization of construction these 
differences become even more evident. In fact, if one 
thinks of BIM as a building model this involves a digital 
transposition of information based on objects, not on 
processes and workings that for example are central to 
making reasoning in the field of safety.  
For this reason, the method chosen to deal with 
knowledge was to integrate different representations. The 
ontology that was taken as the basis is the one presented 
by (Zhang et al., 2015). Since the primary focus in this 
work is on monitoring resources (workers and machinery) 
in the chosen ontology we focused on the structure of 
resources not using the other parts for the time being. A 
handbook from the National Institute for Insurance 
against Accidents at Work (INAIL, 2019) was referenced 
to identify which components within the classification 
made sense to consider. This manual was compiled 
following the 2016 earthquake that struck central Italy. In 
the aftermath of that tragic event a very large number of 
construction sites were opened at the same time and in 
areas (urban centers, often including historic ones) that 
provided even more risks and aspects to be taken into 
account. In light of the great turmoil for reconstruction 
that is still unfinished today these guidelines identify the 
necessary human resources, machinery and equipment for 
each job. These items were used to fill within the system 
the categories identified by the chosen ontology. 
As for the spaces that refer to the different construction 
site areas, we chose to model them with a BIM authoring 
software and then export information in IFC. The 
construction site layout is a mandatory document in Italy 
forming part of the safety documents. In this first 
implementation of the system, a single construction site 
layout was modelled with BIM and inserted into the DT 
platform to be used as a basis of the spatial reasoner. The 
site spaces planned for machine allocation, maneuvering, 
material storage, and different work areas were modeled 
in BIM as IFCSpace to identify their geometry and 
dimensions in digital space. In subsequent developments 
of the system, it could be envisaged to have more than one 
BIM model of the construction site with identified spaces 
and their changes in the duration of the construction. 

Agent localization 
Agents’ localization on the construction site for the 
purpose of which the installation of a sensor network is 
planned. The real-time localization system has the task of 
attributing spatial coordinates to any entity, equipment or 
person, moving around the construction site. 
The first requirement of the network for agent localization 
in order to be effectively implemented is high-precision 
localization capabilities in both open and closed 
environments for work taking place outside buildings and 
inside. The second one is real-time data sending to a 
platform for DT management. 
The technologies selected for tracking are Ultra Wide 
Band tags for indoor and GPS-RTK for outdoor (Corneli 
et al., 2023). The two technologies can also be integrated 
into one tag which would allow both technologies to be 

exploited simultaneously in the case of mixed 
indoor/outdoor environments. As for UWB technology 
this involves the use of battery-powered mobile tags (to 
be provided to workers and attached to machinery) and 
requires the placement of anchors and gateways, two 
powered components. For this reason, UWB technology 
is intended for use in indoor environments where wiring 
the system is not an added risk to the worksite compared 
to outdoor environments. The accuracy for UWB 
localization is 10 cm.  
On the other hand, for outdoor use, the technology used is 
GPS-RTK, which provides an accuracy of 1,5 cm. This 
can be implemented through an antenna inside the tags, 
which are provided to personnel and hooked onto the 
machinery. In both cases, localization information is sent 
by the sensor network to the Digital Twin Platform by 
means of intermediary service implementing a publish-
subscribe information exchange pattern. This is often the 
case of services such as MQTT or SignalR. 

Natural Language Interaction 
The vocal interaction is a natural means of 
communication among agents in the construction site. 
Technological advancements in recent years make 
feasible to apply vocal interaction using natural language 
even on miniaturized and wearable devices. Cloud 
computing and high speed internet allows to displace the 
task of “reading” a given sentence or recognizing a vocal 
interaction on remote computers that are likely to have 
higher computing capabilities than those on the 
construction site. Neural networks allow to automatically 
transcribe the voice input onto its textual representation 
with high accuracy.   
In our methodology, a pro-active safety VVA contains a 
collection of sentences that can be reproduced to specific 
group of people on the field, under suitable conditions. 
Each sentence is a template, mixing raw text with 
expressions that are computed if and when the sentence is 
reproduced. For instance, take the following sentence: 

{{ A.name }}, you are in danger: equipment {{ B.name }} 
is too close! 

In it {{ A.name }} and {{ B.name }} denote expressions 
that should be evaluated in order to deduce, respectively, 
the name of the worker at risk and the name of the 
equipment that represents a danger for the worker. A 
sentence with expressions in double curly braces is called 
an open-sentence, while sentences that do not contain 
expressions in curly braces are called closed-sentences. 
The key difference between the two kinds is that the latter 
can easily be converted to an audio file passing it as input 
of one of the several available text-to-speech AI driven 
cloud services, while the former need a pre-processing 
stage responsible for replacing the expressions with 
meaningful pieces of text. How this pre-processing phase 
happens is explained in the last stage of the methodology. 
The fact that sentences contain parameters allow the 
system to be more explicit and address specific workers 
calling them by name or referring to their close context.  
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This contributes in increasing the level of awareness in 
workers that perhaps do not even notice that their context 
is changing around them in a way that is becoming too 
risky to continue their task. 
Parameters in template sentences are associated with one 
among three types of entities from the selected safety 
ontology: Human Resource, Equipment, or Space. 
In general, the Safety Manager can devise sentences that 
aim to: 

- raise the level of awareness in workers that are
closer to dangerous or risky areas, equipment, or
materials

- ask the worker for confirmation that he/she is
wearing the required personal protective
equipment (PPEs) or had the proper training;

- ask the worker to stay out of a delimited area.

It is evident that such goals can only be achieved by a pro-
active safety VVAs. 

Rules Specification 
In order for the VVA to exhibit a pro-active behavior, the 
Digital Twin Platform must have the tools to express how 
to react when agent positions change, possibly denoting a 
risky situation on the field. To this aim, the methodology 
provides a stage for specifying rules that will activate the 
vocal interactions of the system with the workers on the 
field. In this stage the Safety Manager can model the 
configuration of agents locations that will initiate a vocal 
interaction of the Digital Platform, and what workers 
should be involved in the interaction.  To this aim, each 
rule allows to specify two core pieces of information: a 
preconditions; an NLP sentence; one or more workers. 
The precondition expresses under what circumstances the 
rule should trigger a vocal interaction (Fig. 2). The NLP 

Figure 2 - NLP implementation: from above 1. rule definition; 2. rule-vocal action combination; 3. vocal action composition. 
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sentence specifies what audio message the Digital Twin 
Platform should send to the workers.  
The rules preconditions are boolean formulas that can 
contain: 

• variables;
• rational numbers;
• boolean operators (and, or, not);
• arithmetic operators (+, -, *, \);
• comparison operators among rational numbers (>, <,

==, !=); and 
• function names.

From a formal point of view, the rule precondition is a 
first-order, existentially quantified, boolean formulas over 
rational numbers. An example of rule precondition is the 
following: 
\exists A:Human Resource, \exists B: Equipment. 
(B.identifier == “BridgeCrane” and distance(A,B) < 0.5 
and A.identifier == “BridgeCraneOperator”) 
The intended meaning of such a precondition is to detect 
when any worker qualified as a bridge crane operator is 
“close enough” (less than 50 cm) to the controller of the 
bridge crane on the construction field. 
The target of the rule, i.e. the recipient of the vocal 
message, can be the involved worker, in case the aim of 
the Safety Manager is to raise the attention of the worker 
itself, or it can be the Safety Manager, in case she/he 
wants to be notified of certain relevant events happening 
on the construction field. 

Construction Site Monitoring and Vocal Interaction 
Construction Site Monitoring constitutes of a digital 
process continuously receiving updates concerning the 
agents locations on the field, and at each location update 
all the rule preconditions in search for those rules that 
should be considered enabled. 
In order to detect that a rule is enabled, the Construction 
Site Monitoring contains a pattern matching logic 
searching for agents in the construction site that are 
compatible with the variables required by each rule, and 
selecting only those configurations of agents that satisfy 
the rule preconditions. Each configuration of agents that 
satisfy a rule is called an environment satisfying that rule. 
Note that the same rule can be satisfied by several 
environments, meaning that the same rule can generate 
multiple vocal interactions targeting different agents at 
the same time (for instance, to raise their attention or to 
ask for confirmation about the task they are executing on 
the field). 
The latter stage, Vocal Interaction, involves generating an 
audio file whenever a rule is found enabled during the 
Construction Site Monitoring stage (Fig. 2). In case the 
NLP sentence associated with the rule is an open-sentence 
with parameterized expressions in it, the Vocal Interaction 
stage receives from the Construction Monitoring Site 
stage the environments satisfying the rule, and by binding 
the parameters of each such environment to the open-
sentence a closed-sentence is obtained and converted to 
an audio file using text-to-speech cloud services. Finally, 
such audio file is routed to the workers associated with the 
enabled rule. It should be specified that rule activation has 
no effect on the environment except for voice interaction. 

System architecture 
The architecture of the proposed system is shown in Fig. 
3. The physical layer, typical of any DT, is represented in
our case by the construction site, including resources
(workers and machinery), definition of spaces and
hazards. The connection between the real world and the
digital world is represented by the Data transmission
layer. In this DT it is not possible to speak only of Data
acquisition layer because the system focuses on
communication at the construction site through natural
language. Therefore, the data transmission layer has on
the one hand the task of acquiring data from the
construction site through a sensor network, on the other
hand, the information from the reasoning part applied to
the data is poured back into the construction site through
voice interactions performed by the system.
From data transmission layer we move to what we have
called DT layer. In this layer of the system there are
several components. Into the DT platform goes all the
relevant information for site management and it is the
platform that invokes the natural language micro-service.
The necessary information also already covered in the
methodology concerns the definition of the resources
involved (workers and means), the rules to be applied and
the spaces. The latter are the spaces of the construction
site thus work areas, material storage areas, machinery
maneuvering spaces, internal roadway areas, etc.

Figure 3 - System Architecture 
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Application development 
A simulated construction site has been recreated in order 
to test a prototype implementing the proposed 
methodology. The experiment was conducted within the 
DC3 laboratory of the Polytechnic University of Marche. 
The laboratory is equipped with a bridge crane and the 
agents in the simulated construction site were monitored 
using an UWB sensor network composed of five UWB 
anchors mounted along the perimeter of the laboratory 
and seven UWB tags attached to the agents moving in the 
simulated construction site. The gateway of the UWB 
sensor network published the coordinates of every tag 
once per second on a configured MQTT broker, while the 
web application subscribed the topics of the same broker 
in order to receive the most updated position for each tag 
and store it on the database. To enable audio and vocal 
interaction with the VVA each worker was equipped with 
a Bluetooth headset and a battery powered Raspberry PI 
mini PC connected to a local Wi-Fi internet connection. 
A web application implemented the aforementioned 
architecture to drive the Safety Manager along the steps 
of the proposed methodology. The basic entities at the 
core of the Digital Twin data-model are Equipment, 
Protective Equipment, Space, and Human Resource. On a 
different entity type named Construction Site, the Safety 
Manager creates instances representing each construction 
site he/she is managing, specifying for each the relevant 
attributes such as an identifying label, the location of the 
construction site itself, the date when the works began and 
the date when they are supposed to end. 
Finally, entity type Item collects instances of each family 
of equipment, protective equipment, space or human 
resource, and put it in relation with the specific 
construction site. For example, two entities named “Jane 
Doe” and “Tom Cobley” respectively can be linked at a 
single entity labeled “Scraper operator” of type Human 
Resource, and at the entity of type Construction Site with 
label “Gotahm City Central Hospital”. This example 
clearly identifies two (working) agents in a specific 
construction stie. They can also be linked to two different 
entities of type Human Resource, such as “Team A” for 
“Jane Doe” and “Team B” for “Tom Cobley”. As a 
different example, the Safety Manager may add an entity 
of type Item named “Parking Area” that is linked to an 
entity of type Space labeled “Team A Working Area”, 
while a second Item may be labeled “Warehouse” and be 
linked to an entity of type Space named “Team B Working 
Area”. In the web application, an entity of type Tag is 
stored on the database for each of the UWB tags, together 
with their relevant data, viz. the tag identifier, a label for 
it, the last known position, and the time when the position 
was detected by the UWB sensor network. Each Tag 
entity is linked to the entities of type Item mentioned 
earlier. The next task of the Safety Manager is to model 
the sentences the VVA should pronounce. Here is the list 
of template sentences and questions used for our 
simulated construction site: 

S1: {{ A.name }}, the bridge crane requires the following 
personal protective equipment: {{ PPEs }}. Can you 
confirm you are wearing all of them? 
S2: {{ A.name }}, it appears you are operating on the 
Bridge Crane {{ B.name }} as though you are not 
assigned to this task. Are you sure you are allowed to do 
it? 
S3: Watch out {{ A.name }}! You are in danger because 
the crane is above you 
S4: {{ A.name }}, it appears you are working outside the 
area you are assigned to. 
Finally, the Safety Manager can specify the rules that 
defines the set of events triggering a sentence or a 
question. Rules are formalized as a logic precondition, 
associated with a sentence that is to be spoken by the 
VVA.  
Rules are associated with typed variables and the 
following sentences have been associated to actual 
implementations: 

o distance : it takes two 3-dimension coordinates and 
computes the linear distance between them

o above : it takes two 3-dimension coordinates and
computes the linear distance on the XY plane, thus
checking if one of the objects is close or above the
other

Below are examples of rules tested in the simulated 
environment: 

o R1: \exists A:Human Resource, \exists B:
Equipment. (B.identifier == “BridgeCrane” and
distance(A,B) < 0.5 and A.identifier ==
“BridgeCraneOperator”)

o R2: \exists A:Human Resource, \exists B:
Equipment. (B.identifier == “BridgeCrane” and
distance(A,B) < 0.5 and A.identifier !=
“BridgeCraneOperator”)

o R3: \exists A:Human Resource, \exists B:
Equipment. (B.identifier == “BridgeCrane” and
above(A,B))

o R4: \exists A:Human Resource, \exists B: Space.
(B.identifier == “Team A Working Area” and
A.identifier == “Team B”)

Rules are associated to sentences as follows: (R1, S1), 
(R2, S2), (R3, S3), and finally (R4, S4). 
The most expensive task of the implemented system, in 
computational terms, is the construction monitoring 
phase, re-evaluating rules preconditions in search for 
environments satisfying the rules themselves and required 
in order to transform open-sentences onto closed-
sentences ready to be reproduced on the workers’ 
headsets.  

Results 
In order to carry out an initial verification of the proposed 
framework, three tests were planned: 

- TEST 1: identification of interference risk situation
between overhead crane and worker and subsequent
voice warning;

217



- TEST 2: verification of possession of the
qualifications for handling a construction site
machinery (represented by the overhead crane) and
vocal communication of any non-possession of the
above requirements;

- TEST 3: verification of possession of permits to
access areas of the construction site.

Figure 4 and 5 show the setting of the tests performed. In 
the first scenario, the hook of the overhead crane from 
which the load was hung was instrumented. The worker, 
on the other hand, was instrumented with a badge attached 
to the vest. The minimum distance below which the 
system sent a warning was set equal to 50 cm, and the 
warning sent to the worker via Bluetooth earpiece said 
"Alessandro (worker name) you are about to make contact 
with the overhead crane (equipment).  In the second case, 
the worker (who always wears the sensor) holds the 
remote control of the bridge crane, which is also 
instrumented with a sensor for tracking. In this case, the 
minimum distance at which the warning starts is 20 cm, 
and the warning received by the worker is "Alessandro 

you are/are not in possession of a license to drive the 
overhead crane." Finally in the last case tested, the cones 
are instrumented with UWB sensors to detect location and 
the worker also has the sensor for location. In this case the 
area identified by the cones is connected with an area 
defined in BIM for which access rules have been 
introduced in the system. In the latter test in case the 
worker sensor overlaps with the identified area, the 
system reports "Alessandro you do not have permission to 
access this area."  

Conclusions 
Safety management at construction sites is a complex 
problem in which recent technologies still struggle to 
establish themselves. In addition to reasons such as the 
economic investment required and the low perception of 
the usefulness of the proposed innovations, there is also 
the fact that changing processes or standardizing them in 
an industry that has never worked on rationalizing 
procedures is seen as a difficulty in addition to the others 
already mentioned. For this reason, Safety II proposes an 
approach to safety that, rather than imposing standard 
procedures, strives to find ways to make them follow 
naturally and integrated into operations. With this in 
mind, this research work aims to integrate natural 
language within processes through collaborative 
monitoring techniques. Initial tests have demonstrated the 
feasibility of the system and the effective development of 
this initial integration.  
The next steps involve studying the best tool for voice 
communication on the construction site. A helmet with 
integrated headphones could be a solution whose 
feasibility should be investigated. Further testing should 
also be done at construction sites since an important 
limitation of the proposed approach could be the noise 
present at the construction site, which could adversely 
affect message comprehension. Finally, a systematization 
of knowledge about safety could be implemented for the 
purpose of testing the scalability of the system to all site 
operations. Another main limitation of the current 
research lays in the non-optimized implementation of the 

Figure 4 - DC3 lab tests, from left to right: test 1, test 2 and test 3. 

Figure 5 - Localization tag inside the DC3 lab during tests. 
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rule engine, that at the moment is based on Python and 
capable of handling only small construction sites. 
Nevertheless, state-of-the-art and freely available SAT-
solvers such as Chaff or Z3 are highly optimized to handle 
existentially quantified first-order boolean formulas over 
rational numbers and find environments that satisfy them 
in systems made of thousands of actors, thus making the 
methodology feasible even for real-world scenarios. 
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Abstract 

Despite numerous existing vacant industrial buildings and 
vast unused brownfield land, new production settlements 
are rarely integrated within existing structures. This paper 
presents the RE:STOCK INDUSTRY framework, aiming 
to develop a method for assessing the reuse potential of 
industrial structures, focusing on vertical expansion and 
circular economy principles. Utilizing scanning and 
photogrammetry data, a novel AI method will generate as-
built FEM models for structural analysis and prediction of 
retrofitting measures under vertical expansion. An 
augmented reality app will aid visualization and decision-
making on-site. Innovatively combining AI, 
computational structural design and AR, the project 
advocates sustainable reuse, reducing reliance on 
recycling or disposal. 

Introduction 

Industry accounts for 30% of Austrian economic growth 
(Bolen, 2022), with over 1,000 new industrial enterprises 
annually (Statistik Austria, 2022a). There are more than 
82,200 industrial and warehouse buildings, with over 
1,000 new construction permits granted each year 
(Statistik Austria, 2022b,c). The significant land sealing 
resulting from horizontal production and storage 
processes is a problem: Austria has approximately 20,000 
hectares of unused, derelict industrial and commercial 
areas (Enzinger, 2017), and up to 6,000 commercially or 
industrially pre-used buildings with potential for reuse 
(Janitsch, 2022). Companies and municipalities that want 
to relocate businesses are faced with the challenge of 
securing space for the expansion or relocation of 
production, warehousing and logistics (Lasi et.al, 2014, 
Vajna, 2014), but too rarely integrate these into existing 
buildings. Cost- and time-efficient concepts for 
integrating new production and logistic uses into existing 
buildings and solutions for vertical production processes 
must also be developed to relocate production back to 
Europe while minimizing new land sealing.  
The potential of a building for reuse and vertical 
upgrading depends heavily on the actual condition of the 
load-bearing structure, as it must be able to cope with the 
new loads and space requirements. Information on the 
material and structural composition, the condition, the 
pollutant and contaminant content, and, consequently, the 
effective load-bearing capacity and serviceability of the 
existing structure for conversion and new use is often 
lacking. In addition, most building owners do not see their 
existing building stock as a valuable material resource 

bank: existing structures are usually demolished and 
rebuilt, which increases the volume of waste and landfill, 
leaves valuable substances unused and results in increased 
resource and energy consumption. 
The current challenge in evaluating the existing structural 
stock regarding its reuse capability is to accurately 
digitize, model and analyze the actual structural building 
stock and make it accessible to the life cycle-oriented 
economy. The creation of digital analytical as-built 
models using the finite element method (FEM) for 
structural analysis of existing structures is currently a 
predominantly manual, time-consuming, and error-prone 
process.  
This paper deals with the question: "Which methods and 
technologies are suitable for digitally recording and 
documenting the structural properties and material 
composition of the existing building stock and evaluating 
its reuse, modernization and upgrading potential for 
vertical industrial uses from a circular economy 
perspective?" 
The research is conducted within the research project 
RE:STOCK INDUSTRY, funded by the Austrian 
Research Promotion Agency FFG. The overall goal of the 
project is to reuse the existing load-bearing structures of 
industrial buildings in a targeted manner for new 
settlements, expansions, or conversions instead of 
resorting to recycling or disposal processes. Through 
innovative vertical production concepts and their 
integration into structural analysis, new soil sealing is to 
be avoided and the service life extended by reusing the 
building structure. In the research, missing automated 
methods for scan to FEM using artificial intelligence (AI) 
algorithms will be developed and innovative approaches 
for vertical retrofitting of industrial buildings and 
customized concepts for vertical production and storage 
processes in existing buildings researched. An interactive 
augmented reality (AR) application will enable the 
visualization of reuse concepts with real-time feedback 
directly at the construction site and it will aim at 
motivating planners and building owners to upgrade 
instead of demolishing and new construction. 
This paper presents the RE:STOCK INDUSTRY 
methodology and framework. The paper is structured as 
follows: A state-of the art review presents existing work 
on Scan to FEM, Vertical production, Re-use assessment 
models and AR technologies for retrofitting purposes. The 
next section describes the research design and 
methodology followed by the presentation and description 
of the RE:STOCK INDUSTRY framework. Within the 
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conclusion potentials and challenges of the research are 
discussed and future research steps highlighted. 

State-of-the-art 

Scan to FEM 

Structural analysis models are essential for the reuse of 
industrial buildings. The level of knowledge about the 
load-bearing capacity and serviceability of existing 
buildings is currently achieved through extensive plan 
studies, former available structural calculations, and on-
site inspections, followed by the creation of simplified 
digital twins or 2D plans. Digital as-built building 
modeling often focuses on scan-to-BIM approaches. 
Researchers are investigating the reconstruction of 3D 
building models for material quality analysis (Paral et al., 
2021), structural analysis (Alfio et al., 2022) or 
reconstruction from point cloud data (Poullis, 2013). 
However, methods for the parametric representation of 
3D models for FEM analysis out of scans are lacking. 
Scan to FEM is often investigated in architectural cases 
for historical buildings (Alfio et al., 2022, Barazzetti et 
al., 2015). Others include manual identification of 
properties for a procedural model to reconstruct geometric 
structures from point clouds (Funari et al., 2021), estimate 
elastic parameters of beams from point clouds (Riveiro et 
al., 2018), or detect cracks in reinforced concrete to ensure 
stability (Yu et al., 2021). Automatic methods for the 
recognition of cylinders in point clouds for the 
reconstruction of plants (Liu et al., 2013), FEM mesh 
structures for the numerical analysis of tunnels from point 
clouds (Cui et al., 2023), or the assignment of a B-spline 
representation to a point cloud for the purpose of FEM 
analysis (Xu and Neumann, 2020) are being investigated. 
Semi-automated methods for converting point clouds to 
BIM and using them for structural analysis (Rolin et al., 
2019) or machine learning for monitoring the structural 
condition of buildings (Mishra, 2020) are used. The 
combination of point clouds with image data allows parts 
of point clouds to be segmented and classified as known 
classes of structural elements (Barrile et al., 2019). Most 
of the existing methods require manual intervention or 
work semi-automatically.  

Vertical production 

A third of Vienna's added value comes from production. 
STEP2025 addresses the future of the productive sector 
and advocates sufficient space for trade and industry 
(Rosenberger et al., 2017). Vertical production, involving 
the multi-storey use of buildings for the production of 
goods, can reduce the space required for trade and 
industry and requires efficient material flows across 
several levels (Hompel et al., 2018). 
VERTICALurbanFACTORY explores stacked functions 
and vertical production for efficient space utilization 
(Haselsteiner et al., 2019). Haselsteiner et al. (2020) show 
utilization scenarios for different building types to 
implement vertical production. Vertical production and 
logistics solutions are already established in densely 

populated regions such as Singapore and Hong Kong 
(Kuznetsova et al., 2018, Low et al., 2015). Vertical 
production concepts are being investigated in algorithmic 
optimization of material flows in a layout (Ahmadi et al., 
2017, Karateke et al., 2022). Others are researching 
adaptive reuse of industrial buildings regarding critical 
factors (Vardopoulos, 2019) or for residential purposes 
(Glumac and Islam (2020). The integration of 3D 
utilization concepts into structural analysis can be enabled 
by spatial zoning methods, reaction grammars and 
parametric planning methods (Claessens et al., 2020, 
Boonstra et al., 2020, Reisinger et al., 2022). To the best 
of our knowledge, a methodology that considers the 
effects of multi-story production in structural analysis has 
not been widely researched. 

Re-use assessment models and resource passports 

The uncertainty in predicting the future use of materials 
and buildings is a challenge in circular economy 
approaches (De Wolf et al., 2020). BIM4eco is 
developing a web tool that automatically imports BIM 
information of a building model in early phases into a life 
cycle assessment program, records it component by 
component and calculates environmental impacts 
(SOLID, 2022). Reuse-Life Cycle Assessment 
(Escamilla, 2023) analyzes the potential for reducing the 
environmental impact of reusing materials in buildings. In 
Build-Re-Use (Lead AEE, 2022), basic principles for the 
construction and dismantling of buildings with short 
utilization cycles - supermarkets, office buildings, interim 
buildings, sanitary facilities - are developed. The 
buildings are constructed with reusable components and 
can be dismantled and returned after use. Gebäudepass 
(Umweltbundesamt, 2013) is developing the basis for the 
standardization of building passports as building material 
information systems. M-DAB (2019) uses BIM-based 
digital technologies to digitize, analyze and sustainably 
manage the city's material resources. BAMB, (2020) aims 
to involve the construction industry in the circular 
economy and increase the value of used materials. 
PlattformCB'23 (2023) has created a guideline for the 
circular economy, circular tenders, and future reuse. 
Existing digital material register platforms (Madaster, 
2024, Concular, 2024, Rosen, 2024, EcoDesign Circle, 
2023) document the products and materials used in 
buildings in terms of quality and quantity and enable the 
creation of building resource passports. The focus is on 
circularity, the environment, life cycle assessment and 
financial evaluation. Raw material utilization is mapped 
in Madaster and status descriptions are possible in the 
form of certificates and archive documents. The 
RhinoCircular (Heisel, 2021) and Phoenix (EPFL, 2024) 
tools deal with structural components and parameters 
relevant to the circular economy. There are few 
approaches for documenting and assessing the load-
bearing capacity and serviceability of existing buildings 
for new use. Re-use assessment and documentation 
methods often focus on materials, elements, compounds, 
and chemical constituents. Structural aspects are 

221



neglected, and the focus is primarily on recycling and 
deconstruct ability. RE:STOCK INDUSTRY is 
investigating ways of evaluating and documenting 
structural information relating to the reusability of the 
building. 

Augmented Reality for retrofitting measures 

One of the main advantages of AR is situated 
visualization, where the simulated content is closely 
linked to the environment and decision-making processes 
are supported by facilitating the calculation and 
understanding of domain knowledge (Martins et al., 
2022). In the construction industry, AR is used in 
education for on-site training (Tan et al., 2022) and quality 
testing of HVAC systems (Schranz et al., 2021). 
GAMMA AR (Gramma, 2024) is used for construction 
site monitoring and documentation with BIM. The 
combined use of BIM and AR is gaining increasing 
interest. AR enables the display of BIM elements directly 
in the building to make annotations or show hidden 
installations (Chai et al., 2019, Urban et al., 2019, Hugo 
Silva et al., 2021). When displayed on AR glasses, the 
addition of AR data enables hands-free exploration of the 
built structure. The use of AR for interactive finite 
element analysis has also been investigated (Huang et al., 
2017, Huang et al., 2023). The research methods in which 
conversion and retrofitting options of buildings can be 
visualized as scenarios on site within AR are sparse. 

Research Design and Methodology 

The research objective is to develop a framework for the 
end-to-end digital recording, modeling, and analysis of 
the load-bearing stock of industrial buildings for circular 
re-use and vertical expansion. The potential for reuse, 
modernization and upgrading in vertical extensions, 
considering circular economy aspects, should be 
determined, and recorded by documenting structure-
specific information in resource passports and material 
registers. Through efficient visualization stakeholders 
should be able to foresee vertical retrofitting possibilities 
including modernization measures directly on the 
construction site and to have an assessment model which 
evaluates the planned retrofitting measures in comparison 
to demolition and new construction through ecological 
and economic assessment.  
Figure 1 shows the research design of the project for the 
method and framework development. The data collection 
and method development are based on industrial buildings 
in steel and reinforced concrete skeleton construction, as 
80% of the industrial building stock consists of these 
types of structures. Ten buildings in Austria with different 
geometries and structural systems are defined as use 
cases. The existing buildings will be captured using 
scanning and photogrammetry, on-site inspections by 
experts with knowledge of deconstruction and structural 
retrofitting and supplemented by the analysis of planning 
documentation. During the inspection, contaminated 
elements and damages will also be digitally recorded and 
localized. 

In the first step, two novel methods for automated 
generation of the analytical as-built FEM model by 
coupling point clouds and image data with AI algorithms 
will be researched and developed: a.) Reconstruction of 
the parametric FEM model from 3D point clouds by 
heuristic optimization methods. The reconstructed model 
will contain information on the geometry, material and 
condition of the existing structure. A digital process 
enables the integration of additional information on 
damage assessment, detailed material properties such as 
material grades and contaminants. b.) Development of a 
deep neural network (DNN) for the automated recognition 
of structural joint connections from geometric and image 
data. Real as well as synthetic data from existing use cases 
and BIM models will be used to train the DNN. 

Figure 1: The research design and methodology of RE:STOCK 

INDUSTRY 

Furthermore, vertical production and modernization 
concepts for integration into structural analysis processes 
are researched to quickly determine the load-bearing and 
strengthening capacity of the existing building for new 
use: By analyzing use cases, best practice, literature and 
interviews, requirements and processes for vertical 
production, the dependencies with the supporting 
structure and modernization concepts for vertical 
strengthening are defined, documented in a catalog of 
requirements and transferred into parametric planning 
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rules. Developments from the authors previous research 
(Reisinger et al., 2022), in which a concept for the 
integration of 2D horizontal production processes into 
structural design was developed, serve as the basis for the 
development of the parametric RE:STOCK model, which 
couples the as-built FEM model with 3D vertical 
production concepts. 
To integrate circular economy aspects into the analysis of 
existing structures two methods are being researched: a) 
Development of a method for evaluating the reuse and 
retrofitting of load-bearing structures. Clear evaluation 
criteria for reuse and retrofitting, such as environmental 
and cost effects, quality, functionality, and technical 
feasibility, are defined and integrated into existing 
methods of ecological and economic life cycle analysis in 
order to take specific reuse requirements into account. 
The aim is to use the RE:STOCK model to compare the 
existing structure including retrofitting with demolition 
and new construction scenarios and to compare their 
environmental impacts and costs. b) Development of a 
method to efficiently document the digitized inventory 
and retrofitting planning in building resource passports 
and material registers. This is done by analyzing available 
databases and cadasters and standardizing data and 
interfaces with the RE:STOCK model. As a result, 
detailed structural information such as material 
composition, quantity, load-bearing capacity, condition, 
year of construction and pollutant content can be 
efficiently recorded. 
Finally, a method for integrating AR technology as a 
visual decision support tool for planners and clients into 
the early retrofitting process will be researched. The aim 
is to visualize the effects of reusing the structure, the 
vertical strengthening and the ecological and economic 
evaluation feedback directly on the construction site. The 
proof-of concept will be conducted on real use cases and 
validated with experts. 

RE:STOCK INDUSTRY framework 

The RE:STOCK INDUSTRY framework will integrate 
all of the aforementioned research developments into a 
digital platform to guarantee a holistic planning process 
and decision support tool for early re-use, expansion and 
retrofitting processes. The framework aids to 
automatically generate accurate FEM models of the 
building structure inventory from point clouds and 
photogrammetry data and document the structure-specific 
information in resource passports. A computational tool, 
the RE:STOCK model, will generate re-use plans of the 
existing structure for vertical upgrades and evaluate them 
from a circular economy perspective. By linking an AR 
method to the integral RE:STOCK model, the 
visualization of possible expansion and reinforcement 
measures will be displayed directly on site in the existing 
building.  
Figure 2 shows the framework of RE:STOCK Industry 
and the most relevant developments with the parametric 
RE:STOCK Model (6) as the central part:  

1 and 2 - Scan Data to as-built FEM Model: An as-built 
FEM model will be generated out of received point clouds 
and photogrammetry data and enriched with the exact 
geometry and material properties. Optimization-based 
techniques will be used to reconstruct the main shape of 
vertical and horizontal structural elements and their 
parameters (e.g. size, thickness). The elements will be 
initialized by heuristic search for vertical and horizontal 
point beams and the parameters of the model will be 
optimized to fit the scanned point cloud. Deep learning 
will be used with geometry and image data to classify the 
joint connections of the structural elements and describe 
their properties in relation to the connected elements. The 
neural network will be trained with real and synthetic data 
from existing use cases and BIMs. The recognized joint 
connections and status descriptions will be added to the 
parametric model to enable the structural analysis in the 
as-built FEM model. The proposed algorithms will 
significantly accelerate the as-built analysis of skeleton 
constructions. This model can be used not only for 
traditional structural analysis but also for cycle-oriented 
documentation and evaluation of the re-use capability of 
the structure. 

Figure 2: The RE:STOCK INDUSTRY framework 

3 - Vertical Production: The goal is to create a 3D-layout 
generator for vertical production planning. Requirements 
and processes for vertical production as well as 
modernization concepts for structural vertical upgrading 
are defined, documented in a catalog of requirements and 
transferred into parametric planning rules. Parametric 
methods from the previous developed 2D production 
layout generator (Reisinger et al., 2022) are used to 
develop the vertical 3D layout model. For the integral 
RE:STOCK model, the as-built FEM model is extended 
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with the vertical production layout model through 
parametric and generative design methods. 
4 and 5 - Assessment Model and Resource Pass + 

Material Cadaster: The interfaces to existing material 
registers and resource passports are examined so that 
relevant structural information from the RE:STOCK 
model can be transferred and recorded in material 
passports and building cadasters. An ecological-economic 
method will be developed to evaluate the reusability of the 
structure in terms of retrofitting vs. demolition/new 
construction. For this purpose, qualitative and quantitative 
sustainability principles (life cycle assessment, circular 
construction, adaptability, preservation of existing 
buildings, CO2 storage capacity, reusable structure, legal 
and technical feasibility) are defined. The method 
integrates ecological and economic life cycle analyses to 
determine the gray energy of the existing building, CO2 
savings through structural preservation, and the 
evaluation of retrofitting measures to promote reuse 
instead of demolition/new construction. Argumentation 
aids and proposed solutions. such as CO2 pricing and 
climate impact costs, will be included, so that not 
primarily the option with the lowest costs is chosen. 
7 - AR-on-site Visualization: For this purpose, the 
RE:STOCK model will be integrated into a specially 
developed situated AR application. On site, the model will 
be aligned with the real building by locally comparing the 
initial point cloud scan - from which the RE:STOCK 
model was generated - with the sparse point cloud 
provided by the AR device. The registration between 
original scanned point cloud and the point cloud provided 
by the AR device will be achieved using iterative closest 
point algorithm (Besl and McKay, 1992). Once the 
RE:STOCK model has been aligned with the real 
building, the AR view is correctly updated in perspective 
as the user walks around using Simultaneous Localization 
and Mapping (SLAM). 

Conclusion 

The presented digital framework for the circular reuse of 
existing industrial building structures for vertical 
production addresses industrial companies, builders and 
architects, production and structural engineers or life 
cycle management stakeholders. By digitally capturing 
the structural stock and assessing and visualizing the 
retrofit potential using the AR visualization approach, 
stakeholders should be motivated to reuse the building 
stock as it is, increase its value through vertical retrofit 
measures and extend the life of their buildings. The 
research promotes vertical production and logistic 
processes, optimizes operations and resource utilization, 
and maximizes business efficiency and productivity. The 
automation and standardization of the data basis for the 
structural stock of industrial buildings is essential for the 
long-term optimization and permanent monitoring of 
building waste management, whereby the central linking 
and provision of structural data with building geometry 
information plays a key role for numerous other fields of 
research and applications. The methods to be developed 

aim to avoid manual, error-prone processes in inventory 
recording and modeling as well as lengthy iterations in 
interdisciplinary planning processes. Integral analysis and 
evaluation can be expected to lower the inhibition 
threshold for stakeholders to make changes and 
investments in their buildings and production facilities. 
The methods will enable sustainable structural 
modernization under vertical use and lead to an extension 
of the building's service life and avoidance of soil sealing. 
Land recycling enables the resettlement and return of 
production companies from surrounding areas and 
abroad. By upgrading populated areas, economic added 
value is achieved, and social structures and workplace 
situations are expected to be improved. The methods 
should reduce the ecological impact by up to 50% and 
waste volumes by up to 70%, this will be examined in a 
case-study of real industrial buildings.  
In the context of the presented study several limitations 
need attention in future scientific research. The 
framework's applicability is currently focused on the 
specific building type of industrial skeleton construction 
and the geographic region of Austria, necessitating further 
research to evaluate its generalizability across diverse 
contexts and construction practices. Furthermore, the 
framework relies heavily on emerging technologies such 
as AI, AR, and novel structural analysis methods, whose 
interoperability and integration into existing systems need 
to be fully explored. The quality of input data—scanning, 
photogrammetry, material properties, and structural 
details—directly influences the framework's output 
accuracy, highlighting the need for rigorous validation 
and sensitivity analyses in future. Economic viability, 
encompassing lifecycle cost analysis need to consider 
dynamic market conditions, which poses to be 
challenging. Regulatory, legal, and policy barriers present 
additional impediments to practical adoption, which 
highlights the importance of in-depth analysis and close 
work with municipalities to identify ways for regulatory 
reform and policy advocacy. A holistic environmental 
impact assessment extending beyond the CO2 emissions 
and waste reduction of the structural system but to include 
environmental impacts of the whole building systems as 
facades and built in components will be crucial for 
understanding the full environmental footprint. The 
project solely focuses on the resource efficiency of the 
structure to avoid CO2-equivalent emissions; however, 
energy efficiency is not addressed. Lastly, the 
technological and methodological advancements 
proposed necessitate a change in traditional practices 
among stakeholders in the planning and construction 
industry. The adoption of such new technologies and 
methods is influenced by behavioral factors, including 
perceived utility, ease of use, and cultural aspects and will 
be respected in user studies with practitioners and students 
on real use-cases.  
With a focus on industrial and logistic buildings, the 
results of this project will be also beneficial for numerous 
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planning areas that require (automated) recording and 
evaluation of existing buildings for new use in long term. 
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Abstract 

A major component of construction safety management 
processes entails identifying potentially on-site hazardous 
areas. However, traditional methods are manual, labor-
intensive, and time-consuming. In an attempt to automate 
hazard identification, researchers have used digital 
imagery and computer vision at large but failed to explore 
thermal imaging analysis. As such, this paper introduces 
an automated vision-based hazard identification approach 
using both digital and thermal imagery. Several 
experiments were conducted and results highlighted the 
effectiveness of analyzing both digital and thermal images 
to reduce false positive detections and rapidly identify on-
site hazardous areas. 

Introduction 

The construction sector has always been responsible for a 
high rate of fatal injuries. As such, regular safety 
inspections are of paramount importance and help 
management ensure that safe work practices are being 
maintained on jobsites. However, current inspection 
methods still rely on safety officers patrolling the site and 
identifying unsafe conditions, or on the workers’ 
capabilities in identifying hazards. The former method is 
manual, labor-intensive, and time-consuming, while the 
latter approach is considered inadequate and not very 
dependable. Therefore, there is a need to automate 
construction safety inspections. Initial research efforts 
have targeted automating the safety inspection processes 
and monitoring the site conditions and construction 
personnel using digital imagery and computer vision 
(Yang et al. 2010, Brilakis et al. 2011, Park and Brilakis 
2012). Other studies have focused on actively detecting 
PPE-wearing from digital images and videos using 
computer vision (Shrestha et al. 2015, Park et al. 2015, 
Abbas et al. 2016, Mneymneh et al. 2017, Mneymneh et 
al. 2018, Mneymneh et al. 2019, Nath et al. 2020, Yang et 
al. 2020). In a nutshell, extensive work has been done in 
the past years targeted at automating safety inspection 
processes while building on recent developments in the 
field of computer vision (Guo et al. 2021, Maali et al. 
2024).  
In an attempt to further automate safety inspection 
processes, several other research efforts evaluated the 
applicability of Unmanned Aerial Vehicles (UAV) or 
camera-equipped drones in construction safety (Gheisari 
et al., 2014, Abbas et al., 2016, Mneymneh et al. 2016, 
Melo et al. 2017, Kim et al. 2019, Martinez el el. 2020, 
Maali et al. 2024). Results revealed the importance of 
adopting drones in safety applications as they can provide 
safety personnel with real-time visual access to jobsites.  

However, no prior work has analyzed thermal imagery or 
coupled it with digital imagery to identify construction 
hazardous areas. Therefore, the objective of this paper is 
to enhance construction safety inspections by developing 
an automated vision-based hazardous identification 
system using both digital and thermal imagery. As such, 
real-time images and videos of indoor construction sites 
are captured using digital and thermal camera-equipped 
drones or UAVs. 

Methodology 

The hazardous situations considered in this study were 
extracted from a previously published survey conducted 
with construction personnel (Abbas et al. 2018). It was 
found that the top ranked hazardous situations are 
unprotected openings, fire, steel grinding, and steel 
welding. Only fire, steel grinding, and steel welding were 
considered in this study as the exact location of openings 
can be obtained from the as-planned drawings. It is worth 
noting that the routine activities of steel grinding and 
welding can be safely conducted. However, they may 
pose risks if adequate precautions are not observed and 
appropriate protective gear is not utilized. Hence, 
detecting these activities serves as the initial step towards 
implementing necessary health and safety measures.  
Given the nature of the aforementioned three hazardous 
scenarios, it was decided to opt for digital imagery 
analysis using object detection and color-based 
segmentation as well as thermal imagery analysis. It is 
worth noting that the latest deep learning vision 
algorithms commonly used for object detection and 
segmentation (e.g. Faster RCNN, Mask RCNN, YOLO, 
etc.) were not adopted in this study, as they require 
voluminous training data and huge computational power. 
In this case, simplicity, interpretability, and 
computational efficiency were prioritized. As such, the 
chosen vision tools applied on digital imagery were the 
cascade object detector and RGB-CIE color-based 
segmentation. Besides, these can be complemented by a 
thermal imaging analysis to enhance the overall results.  
A cascade object detector based on HOG features was 
used to detect objects having an appearance that does not 
change significantly (Alionte and Lazar 2015). This 
technique involves training the detector by creating a 
database containing images of relevant objects from 
several angles and views. The detector then uses a cascade 
classifier to decide whether the window sliding over a 
certain image contains the object of interest. In this 
research work, the cascade object detector is used to 
detect hazardous areas displaying repeating patterns.  
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On the other hand, the potential hazardous scenarios of 
fire, grinding, and welding have particular colors that 
differentiate them from the background. For this reason, 
color-based image segmentation was used to detect the 
presence of these hazards. The segmentation was 
performed using both RGB and CIE LAB color spaces. 
The acceptable interval of color values that represent each 
hazard was obtained following several trials and 
experiments. In other words, hazardous pixels were 
extracted from real positive images, and their color ranges 
were identified. If the number of detected hazardous 
pixels in any image is greater than a significant threshold 
specified according to the image resolution, then the 
developed software reveals a hazardous situation 
detection. This procedure was applied to fire (orange), 
steel grinding (bright yellow), and to steel welding (bright 
white). 
In addition, all considered hazardous scenarios are known 
to generate high heat when occurring. As such, analysis 
of thermal images captured by a heat camera was deemed 
necessary in order to confirm the presence and the 
detection of high heat hazardous scenarios. In general, 
heat cameras or thermal imaging cameras are devices that 
usually detect infrared radiation above 9,000 nanometers 
and create images of that radiation. 

Experiments and Results 

In order to test and demonstrate the feasibility and 
performance of the three proposed methods, numerous 
experiments were conducted in several indoor 
environments under different scenarios. In this case, 
standard resolution images and videos (640x480p) were 
captured from different construction sites and 
construction-like environments using digital and thermal 
camera-equipped drones. 
The first experiment involved training a cascade object 
detector for the welding activity. The cascade detector is 
designed to detect objects according mainly to the shape, 
features, and the contrast difference between the object 
and its background. Generally, welding is characterized 
by an approximately circular shape and a white color but 
may be captured by cameras in other random shapes due 
to reflectance. When training the detector, it is important 
to include challenging negative images having shapes 
similar to welding, including bright windows and light 
reflections, to reduce the chance of false positive 
detections. To assess the quality of training images, two 
detectors were trained, whereby the first was trained with 
a random set containing non-challenging negative images, 
and the second was trained with a set of negative images 
captured from real construction sites and locations where 
welding activities may occur. Both detectors were trained 
with a number of stages equal to 7 and a false alarm rate 
equal to 0.05. Results highlighted the importance of 
carefully selecting the negative instances to avoid false 
positive detections, as tests conducted using the first 
detector revealed a large number of false detections 
captured in the background (Figure 1a). False negative 
detections were greatly reduced when using the second 
detector, as shown in Figure 1b. 

One major limitation of the proposed algorithm is that, in 
case of the presence of objects that reflect sunlight, it may 
detect this reflection as a welding activity due to the 
resemblance of shape and shining light between the two. 
Furthermore, fire and steel grinding have various irregular 
shapes while the cascade object detector works best when 
used to detect objects with fixed shapes. Therefore, in 
order to address the aforementioned limitations, another 
vision tool was tested which is color-based segmentation. 

(a) 

(b) 
Figure 1: Cascade object detection examples: (a) welding 

detection using random training images and (b) welding 

detection using challenging training images  

Color-based image segmentation was implemented using 
the RGB color space, CIE Lab color space, and a 
combination of both. In this case, the acceptable color 
ranges need to be pre-defined and calibrated according to 
the used digital camera for all three color segmentation 
tools and while considering the three hazardous 
situations. To test the proposed algorithms, a video-based 
graphical user interface was implemented whereby the 
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user is first prompted to choose among the three 
hazardous scenarios then select a particular color 
segmentation algorithm to test. Figure 2 displays 
examples of true positive detections for all hazardous 
cases. 

Figure 2: True positive detections using color-based 

segmentation: (a) welding, (b) fire, and (c) grinding  

Although color-based segmentation was tested on 
negative images and displayed convenient true negative 
detections, false positive detections may occur when an 

object satisfying the algorithm conditions exists. For 
example, objects displaying a bright white color may be 
mistakenly classified as welding (Figure 3a) and objects 
displaying a bright orange color can be wrongly classified 
as fire (Figure 3b). The same is true for grinding whereby 
objects displaying a bright yellow color are falsely 
detected as grinding.  

(a) 

(b) 
Figure 3: Examples of false positive detections using color-

based segmentation: (a) welding and (b) fire  

One way to enhance the performance of this tool is to 
benefit from the variation of the shape of the hazardous 
activities from one frame to another. The intersection of 
positive pixels in two consecutive frames can be obtained 
by multiplying their binary matrices. If the ratio of 
intersected positive pixels over the minimum number of 
detected positive pixels in both frames is less than a 
reasonable value, then the change of shape is considered 
significant and a positive detection occurs. This value was 
obtained following several trials performed on fire, 
welding, and grinding videos, and was set equal to 0.4. 
Experiments conducted highlighted the ability of this 
frames intersection method in accurately detecting 
hazardous situations while reducing the occurrence of 
false positive scenarios (Figures 4, 5, and 6).  
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Figure 4: True positive detection of grinding using the frames intersection algorithm 

Figure 5: True positive detection of fire using the frames intersection algorithm 

Figure 6: True negative detection of fire using the frames 

intersection algorithm 

Accordingly, this frames intersection tool can potentially 
reduce false detections resulting from static objects that 
may have similar color properties of fire (i.e. orange 
hardhat placed on ground, signs and cones), and are no 
longer detected as fire since they do not vary remarkably 
from one frame to another (Figure 6). However, this tool 
can exhibit some limitations whenever an object having 
color properties that match one of the pre-defined 
hazardous situations is actually moving on a construction 
site (e.g. mobile construction worker wearing an orange 
hardhat). In this case, the ratio of intersection pixels 
between two consecutive frames might be lower than the 
threshold and a false detection may then occur. A false 
detection can also occur if the camera itself was moving. 
It was thereby decided to opt for thermal imaging analysis 
to reduce false positive detections whenever a high heat 
scenario is not witnessed. 
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As a matter of fact, the hazardous scenarios of fire, 
grinding, and welding are known to generate high heat 
when occurring. Therefore, the analysis of images 
captured by a thermal imaging camera may then be 
applied to confirm the presence and detection of high heat 
hazardous scenarios. Accordingly, several non-processed 
14-bit TIFF still images of fire, grinding, and welding
scenarios as well as random negative images were
captured from several construction sites using the Flir Vue
Pro heat camera. These images were then assessed using
the software ‘Flir ResearchIR’ and processed and
analyzed later on in order to detect whether the hazardous
or high heat scenarios are indeed occurring or not. It was
found that the maximum heat values for negative
instances did not exceed a value of 9,200 nm (Figure 7),
while images containing the three hazardous scenarios
(i.e. fire, grinding and welding) displayed high heat values
ranging between 12,000 and 16,000 nm (Figure 8).

Figure 7: Heat values for negative images 

Figure 8: Heat values for positive images 

Figure 9 displays an example of a fire thermal image 
where a high heat was detected. 

Figure 9: Detection of high heat using thermal imaging 

The results in Figures 8 and 9 further highlight the 
potential of thermal imaging in recognizing high heat-
related scenarios on jobsites and can, as such, complement 
the object detection or color-based segmentation 
algorithms and reduce false positive detections. For 
instance, in the case of the indoor light in Figure 3a, only 
a thermal analysis can confirm a non-welding case since 
the light with its circular shape and color properties can 
be mistakenly detected as welding when using the cascade 
object detector and color segmentation respectively. 
Similarly, orange objects found on construction sites (e.g. 
hardhat, cone, sign, etc.) may satisfy the color 
segmentation algorithm’s conditions and can be falsely 
detected as fire if exposed to certain lighting situations. In 
this case, capturing and analyzing thermal images of these 
objects can greatly deny the presence of a high heat 
scenario and, in turn, eliminate the false positive detection 
resulting from the color segmentation tool. Figure 10 
shows an example of a thermal image captured from a 
construction site that contains an orange hardhat and 
displays, as a result, no high heat. 

Figure 10: No detection of high heat using thermal imaging 

It is worth noting that not only thermal imaging analysis 
is capable of complementing the two other vision tools but 
these latter tools can also complement the thermal 
imaging analysis, as it might be hard to differentiate 
among the three hazardous scenarios when similar heat 
values are registered under certain circumstances. 
Therefore, all three presented tools can complement each 
other to accurately identify and visualize each of the three 
hazardous scenarios. Table 1 summarizes the best use for 
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each of the investigated methods for the hazardous 
scenarios. 

Table 1: Summary of Hazardous situations and investigated 

detection methods 

Conclusion and Future Work 

Construction is one of the most dangerous industries 
whereby many hazardous tasks and conditions occur, 
which may pose injuries, risks and fatalities to the 
construction personnel. Thus, safety inspections must be 
carried out to maintain a safe construction environment. 
Many research efforts have targeted automating the safety 
inspection processes using digital imagery but failed to do 
so using thermal imagery. Hence, this study presented an 
automated vision-based hazardous identification system 
using both digital and thermal imagery. The results, 
obtained from several experiments conducted on 
construction sites, highlighted the effectiveness of 
analyzing both digital and thermal images to reduce false 
positive detections and rapidly identify on-site hazardous 
areas, in particular fire, grinding and welding scenarios. 
More specifically, the cascade object detector worked best 
with certain shapes. Color-based segmentation using 
RGB or CIE LAB color spaces, coupled with the proposed 
frames intersection method proved effective in detecting 
hazardous situations and reducing the number of negative 
detections. On the other hand, high heat scenarios were 
accurately identified using thermal imaging, thereby 
eliminating false positive detections when using the other 
vision tools. 
Future work aims at enhancing and fully automating 
hazard identification on construction sites. This will be 
achieved by: (1) detecting a larger set of potential 
hazardous scenarios besides the three presented ones, (2) 
acquiring thereby a larger training data set and resorting 
to deep learning vision tools for analysis, (3) 
experimenting further with thermal imaging, (4) adjusting 
the implemented algorithms to read data from the 
construction tasks’ schedule and accordingly detect the 
associated risks or possible hazardous scenarios, and (5) 
rapidly locating workers and alerting them of a nearby 
hazardous area, activity or scenario. 
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Abstract 

Maintaining up-to-date Digital Twin information for 
building or infrastructure assets is critical to its effective 
use. The virtual model, which reflects the real geometry 
of an asset, serves as an essential component of the Digital 
Twin and requires continuous reliability assurance and 
high fidelity. However, the link between physical 
structures and their digital counterparts remains under-
researched due to the complex nature of construction and 
the associated technical and conceptual challenges of 
updating geometric data. This paper aims to identify and 
systematically analyse these conceptual issues in order to 
formulate a comprehensive framework that can be applied 
in practice. Design Science Research (DSR) methodology 
is used as a basic approach, resulting in the formulation of 
a theoretical framework. This framework will be further 
applied to specific case studies to improve the 
understanding of when, why, and how geometry updates 
affect the short- and long-term performance of the Digital 
Twin. 

Introduction 

The adoption of Digital Twins for buildings is rapidly 
increasing in the construction industry. Although Digital 
Twins are primarily used for large and complex 
structures, advances in data capture and modelling 
technologies, particularly real-time data collection, are 
extending the applicability of Digital Twins to a broader 
range of assets. Regardless of the specific application, the 
architecture of a Digital Twin is typically complex, 
involving a physical object, its corresponding virtual 
model, data capture and processing tools, and a 
continuous exchange of information between the physical 
entity and its virtual counterpart (Boje et al., 2020). 
Ideally, Digital Twin allows the state of a physical object 
to be tracked and managed based on its virtual model, 
including real-time monitoring of its condition and 
prediction of its future states and behaviour based on 
simulation at different scales and time intervals. To ensure 
optimal Digital Twin performance, accurate data analysis 
and simulation results, it is essential that the high fidelity 
of the Digital Twin is assured and that it contains all the 
necessary spatial information (Lu et al., 2020). This 
information does not need to be exhaustive but should be 
sufficient for specific needs. 
Considering the evolution of the Digital Twin concept 
since 2003, when the vision of applying a digital model of 
a physical process or object was first proposed, the Digital 
Twin paradigm was generalised to a cyber-physical 
system and began to contain a virtual component 
(Grieves, 2003). As technologies evolved, the complexity 

and functionality of Digital Twin started to grow, leading 
to the evolution from a digital model reflecting only a 
physical object to a digital shadow with unidirectional 
automatic data flow and further evolution to Digital Twin 
with bidirectional automatic data flows (Fuller et al., 
2020). 
To date, several taxonomies describe the maturity level 
and the analytical or intelligent capacity of Digital Twin 
(Agrawal et al., 2022). By applying these taxonomies to 
the Digital Twin of a built asset, it is possible to define 
general characteristics and requirements for the 
components of the virtual model. For example, based on 
a hierarchy proposed by Gartner (Gartner, 2013) and 
describing different levels of digital analytics capabilities 
(descriptive, diagnostic, predictive, and prescriptive), at 
the lowest level (descriptive), building geometry data can 
be organised as a database or common data environment 
containing all relevant information such as 2D drawings, 
images, visualisations, component specifications, etc. 
starting from the design stage and further accumulated 
according to the life cycle stages, but without generation 
a comprehensive 3D model. This method of data 
organisation is acceptable but inefficient, as it requires 
extensive human involvement in data analysis and 
management, and significantly limits the capabilities of 
Digital Twin in terms of simulation and task automation. 
As the level of Digital Twin automation improves, the 
need for a 3D model increases. However, for some tasks, 
such as simple visualisation, it may be sufficient to have 
only 2D data on the building geometry. Simultaneously, 
considering Digital Twin as a complex of interconnected 
systems that collect and analyse data on the current state 
of the building based on information from different 
sources (building technical systems, structural health 
monitoring systems, indoor climate control, etc.), a 3D 
model of the building geometry becomes not only a 
visualisation, but also a component involved in data 
analysis, simulation, and prediction. The role of the 
geometry of a 3D model becomes even more important in 
the event of a breakdown or emergency, speeding up the 
process of identifying the location of the problem, its 
repair, and the analysis of the consequences. 
The geometric representation of a building is the basic 
component of the Digital Twin's virtual counterpart. With 
a high level of maturity, accuracy, and comprehensive 
semantic data, it becomes a valuable resource for various 
applications, including analysis, simulation, and 
forecasting. At the same time, the challenge of 
maintaining the geometry of a virtual building model, 
particularly on a global scale (not just its local elements), 
remains under-studied. This problem is compounded by 
the frequent and incorrect interchangeability of BIM and 
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Digital Twin terminology in the construction industry, 
often oversimplified to 'as-built’ geometry. 
Certainly, several factors contribute to the gaps in Digital 
Twin geometry updating research. First, the geometry of 
a building is typically complex, including structural and 
non-structural components, openings, and highly ornate 
elements. Additionally, in most cases, the geometry of a 
building remains unchanged for a long period after its 
construction stage, unless there are major renovations, 
reconstructions, emergencies affecting the geometry of 
the building, or the detection of deformations due to 
external factors. This stability means that changes to 
building geometry information during the operational 
phase are rare, reducing the attractiveness of investing in 
this technology. However, when updates to the geometry 
become necessary, the costs and technical requirements 
associated with this process can be significant. In 
addition, updating geometry is a very case-specific 
process, depending on the type of building, the stage of 
the life cycle, the required frequency of updates (regular, 
periodic, one-off), the source data available (relevance to 
the BIM model) and the type of data collected (static, 
dynamic, multi-source, real-time). Consequently, the 
approach to updating geometry will be customised to meet 
these specific requirements. 
When the geometry update process is considered from a 
system thinking perspective, it becomes clear that there 
are conceptual challenges that go beyond the 
consideration of tools, equipment, and technical methods. 
These challenges include a deeper understanding of the 
geometry update process itself, its purpose, timing, and 
the critical elements of the building involved. It also 
involves recognising the impact that maintaining the 
current state of the geometric model has on the overall 
performance of the Digital Twin. This is particularly 
important in the context of the rapid development of 
advanced technologies that enable optimised and 
enhanced data collection and processing techniques. In 
this scenario, a technology-driven approach carries 
inherent risks, where new technology is seen as the 
driving force, and the challenge is to identify the 
appropriate problem to address (Agrawal et al., 2022). 
These risks include the potential disruption of existing 
processes in the pursuit of optimisation. There is also the 
possibility that optimisation will remain elusive due to 
fundamental constraints, resulting in the technology's 
potential not being fully realised. There are also risks 
associated with implementation costs, such as time, 
financial resources, and potential productivity reductions. 
In this scenario, the process of updating geometry should 
adopt a problem-solving approach that involves 
identifying current needs or problems and then finding 
appropriate technologies to address them. In certain 
situations, it may also involve aligning both approaches to 
achieve the desired outcome. 
The objective of this study is to develop a comprehensive 
framework for identifying critical areas, referred to as 'hot 
spots', within the geometry update process. The 

framework operates at two levels: the entities that undergo 
update and the updating process itself. It also includes the 
main components involved, such as physical and virtual 
parts, and data. This framework aims to facilitate the 
analysis of hot spots during the planning phase of the 
Digital Twin geometry update process, with the ultimate 
goal of devising a more efficient set of actions. 
Additionally, the framework is intentionally designed to 
be sufficiently abstract, ensuring its flexibility and 
applicability across various real-world scenarios. 

Background and context 

In addressing the main conceptual challenges of updating 
the geometry of the Digital Twin, it is essential to consider 
the complexity of the Digital Twin, not only from a 
technological perspective but also in terms of conceptual 
complexity (Singh, 2016). This must include 
consideration of the diversity, fragmentation, and 
interdisciplinary nature of the knowledge associated with 
the Digital Twin. To date, there is no universally accepted 
definition of a Digital Twin that fits all construction 
projects. The concept of a Digital Twin covers a wide 
spectrum, ranging from a basic digital representation of a 
building to a sophisticated model that incorporates 
various engineering systems, data inputs, and predictive 
capabilities (Agrawal et al., 2022). Moreover, due to the 
complexity of real-world scenarios, often characterised by 
numerous unknown variables, it is reasonable to expect 
that a virtual model will never perfectly mirror real-world 
asset behaviour. To address this, it is important to assess 
the components of a Digital Twin, including its 
subcomponents and related requirements, the connection 
between the physical object and its virtual counterpart, as 
well as the supporting system that facilitates their 
interaction. The aim is to identify both functional and non-
functional requirements as well as the desired 
performance metrics. As the subcomponents of the 
physical and virtual models require different levels of 
support within the system (such as software, hardware, 
data traffic protocols, etc.), it is worth identifying in 
advance generic requirements for their evaluation with 
further adaptation to the specific needs. The general 
directions outlined in Figure 1 should be considered 
independently of specific case applications. 
The fuzziness around the concept of a Digital Twin 
includes various classifications related to its level of 
maturity, autonomy, adaptability, data and process 
standardization, cost-effectiveness, and the balance 
between computational load, execution time, and 
efficiency. Agrawal et al. (2023) proposed that a Digital 
Twin can play multiple roles, including an observer 
(performing tasks such as representation, visualization, 
description, sensing, etc.), an analyst (performing 
analysis, monitoring, pattern recognition, interpretation, 
prediction, etc.), a decision maker (engaged in 
optimization, simulation, forecasting, planning, etc.), and 
an action executor (responsible for actuation, 
communication, control, etc.). However, when it comes to 
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deciding whether to update the geometry of the virtual 
model, it may not be wise to rely entirely on the Digital 
Twin itself, even though the system may typically operate 
at the agent level (as a decision-maker or action executor) 
for other tasks. Nevertheless, the Digital Twin can 
generate new data through analysis and simulation and 
serve as a valuable source of information for assessing the 
need to updating process (Gabor et al., 2016). 
In many cases, there is no need for ongoing and constant 
updates to the geometry of the building model. Changes 
to the physical structure typically occur in specific, 
localised areas rather than affecting the whole building. 
As a result, it is not necessary to remodel the geometry of 
the entire building regularly, but only to address specific 
areas (Kaiser et al., 2022). Considering the Digital Twin 
as the data source in this scenario, changes in the building 
geometry can be analyzed in two different ways. First, 
point anomalies can be detected, where individual data 
instances are identified as deviating from their expected 
normal state. Second, contextual anomalies can be 
detected when a data instance is considered anomalous 
within a specific contextual scenario. In this case, the data 
instances under consideration could be information 
obtained from wireless sensor networks (WSNs) 
responsible for real-time monitoring of the building's 
condition. These sensors, such as inclinometers, 
accelerometers, or strain gauges, can detect and signal 
changes in the structures of the building in real-time. 
Simultaneously, for this approach to be effective, it is 
essential to establish the criteria for normal operating 
conditions that can be derived from historical or 
simulation data relating to the behaviour of the building 
over time. 

Research Methodology 

The Design Science Research (DSR) methodology was 
chosen as the basic approach for developing the 

framework (Singh et al., 2020). DSR is designed to 
methodically generate knowledge about a specific 
problem and its potential solutions within a research 
context. Figure 2 illustrates the steps of the methodology 
and provides a detailed description of the process. These 
steps include theoretical analysis techniques to identify 
the problem and define research objectives, followed by 
iterative design and development of the framework. In 
addition, the methodology outlines steps for future 
research efforts aimed at validating the developed 
approach and assessing its practical applicability.  
During the initial phase of the theoretical research, a 
systematic literature review was conducted with the 
following objectives (Osadcha et al., 2023): 
● analyse the relationship between Digital Twin, BIM,

and the building lifecycle, focussing on updating
building geometry data.

● examine the prevalent equipment and techniques used
to collect, process, and integrate building geometry
data.

● explore key areas where the geometry of building
models is of significant importance, such as structural
health monitoring applications, prefabricated
construction, and simulations of building responses
to extreme events.

Furthermore, latent semantic analysis was employed to 
investigate the potential integration of sensing 
technologies, specifically Radio-Frequency Identification 
(RFID), as an additional tool for capturing building 
geometry data in conjunction with conventional 
techniques such as laser scanning, photogrammetry, and 
regular sensors. Additionally, practices for maintaining 
the accuracy of model geometry in other industries and 
manufacturing sectors were explored. Based on the results 
of the theoretical research phase, the main conceptual 
challenge has been identified, and the current state of 

Figure 1: Digital Twin Component Model 
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knowledge on these issues has been assessed to provide a 
basis for the development of a framework.  

Results and Findings 

From the standpoint of modelling cyber-physical systems, 
the Digital Twin of a building is a scientific model, i.e. it 
describes and reflects the behaviour of an existing 
physical object, as opposed to an engineering model, 
which defines what the behaviour of a physical object 
should be once it has been created (Lee, 2018). It is crucial 
to highlight that models are unable to comprehensively 
represent all of the properties and characteristics of 
complex physical objects. Therefore, the list of properties 
of interest must be established beforehand and 
assumptions about the behaviour of the model should be 
made. A scientific model is considered complete when it 
encompasses all of the properties of interest of the 
physical object; i.e., what is true of the physical object is 
also true of the model. Using this logical framework for 
the Digital Twin of a building, we solely focus on the 
virtual component of the model, particularly its geometric 
aspect. This means that all the geometric properties of the 
building should be reflected in its virtual model. To 
achieve this, the geometrical imperfections of the model 
should be reduced to a tolerable point so that the model 
can reflect the physical object as fully as possible while 
maintaining an acceptable level of computational burden. 
Considering that we are not taking into account the 
particular Digital Twin at this stage, the levels used to 
describe the geometric model should be sufficiently 
abstract to cover as many variables as possible. In this 
stage, the aspects related to the updating of the geometry 
of a virtual model are examined from two perspectives: 
the entity level, which deals directly with the geometric 

model, its sub-components and functions, and the process 
level, which addresses the procedures related to its 
updating. It is worth noting that this approach focusses 
only on the geometric part of the Digital Twin and its 
subcomponents, as well as the process of updating and 
maintaining the current state of geometrical data, without 
reference to the dependencies between the geometry of 
the virtual model and other Digital Twin components, 
data, outcomes, or services. This allows narrowing the 
scope of the problems to be considered and generalising 
these problems at the level of geometric information only, 
since the other components of the Digital Twin and their 
interaction with the geometric model can be diverse and 
specific to each individual building asset. Furthermore, it 
is advisable to extend this approach to the levels of 
interaction between the geometric model of the building, 
its data and other components of the Digital Twin, and to 
verify the performance of the Digital Twin as a function 
of the faithful geometric model. 

Digital Twin geometry update at the entity level 

At the entity level, the main components of the geometric 
model are defined, including its geometric and semantic 
information, as well as the relationships between these 
components (e.g., Figure 3). Consequently, the 
components of the physical building can be represented as 
basic geometric shapes, complex geometric shapes, or 
higher-order primitives, depending on the scale of the 
updating and the geometric parameters of the building.  
Constructive Solid Geometry (CSG) and Boundary 
Representation (B-rep) are the primary methods used for 
geometric modelling. CSG is an appropriate choice when 
localised geometry updates are required and when the 
shape of the physical object is relatively simple, i.e., it can 

Figure 2: Research methodology stages 

239



be described using basic geometric primitives. 
Conversely, B-rep is a better solution for describing free-
form or complex geometry. Unlike CSG, B-rep is a 
surface-based method that uses planar and curved 
surfaces to represent physical objects, making it more 
suitable for modelling complex architectural geometry. 
Although this approach is more accurate, it requires more 
computing power. 
Semantic information in a virtual model should accurately 
capture the attributes associated with geometric shapes. In 
many cases, these attributes are determined using the 
Industry Foundation Classes (IFC) scheme (Masood et al., 
2020). For geometric entities not covered by the IFC, it is 
possible to develop custom libraries or use alternative 
classifiers such as Unified construction classification 
systems (UniClass) or Construction Classification 
systems (OmniClass). In most cases, the BIM model 
serves as the basis for Digital Twin which provides 
support for applying IFC schema. At the same time, BIM 
is by nature object-oriented, and consequently, the 
relationships between objects are predominantly formed 
through parametric modeling. Non-parametric modeling 
techniques, such as triangular meshes, can be used as 
complementary tools at certain stages of the update 
process, particularly during point cloud processing. 

Digital Twin geometry update at the process level 

Figure 4 shows the main components and stages involved 
in the process of updating the geometry of a Digital Twin. 
Currently, there is no ready-to-use method for 
automatically updating the geometry of a Digital Twin. 
Although some aspects of this process can be partially 
automated, it remains overall complex and heavily relies 
on manual intervention. Building geometry data 
collection techniques can be categorised as either contact 

or non-contact. Contact techniques involve direct 
measurements using sensors, measuring tapes, or similar 
equipment. Non-contact methods include image-based 
techniques such as photogrammetry or videogrammetry 
using UAVs, range-based techniques such as laser 
scanning or laser measuring, and geodetic measurements 
using total stations, theodolites, levels, and the Global 
Positioning System (GPS). To achieve comprehensive 
coverage of building geometry data, a combination of 
these techniques is often necessary. To date, laser 
scanning and photogrammetry are the most widely used 
technologies, with other techniques typically serving as 
complementary approaches. 
The data collected for updating geometry is typically in 
the form of a point cloud, except for WSNs and data from 
traditional measurement equipment. As a result, there are 
many techniques for the segmentation and classification 
of point clouds, including the most used methods such as 
Random Sample Consensus (RANSAC) and region-
growing techniques. Point cloud segmentation and 
classification have traditionally relied on manual or semi-
automated methods. However, there is a growing trend 
toward the adoption of deep learning-based approaches to 
automate the detection and classification of objects within 
point clouds, as well as the use of RFID tags to facilitate 
the identification of building elements within raw data. 
Although deep learning methods have not yet achieved 
high levels of performance on large point clouds, 
especially compared to convolutional neural networks 
(CNNs) designed for image processing and applicable to 
photogrammetry data, there is potential for improvement. 
The challenges arise from limited training data and 
labelled datasets. However, by using synthetic data and 
adopting semisupervised learning architectures, these 
methods are likely to advance soon. In the context of 

Figure 3: Geometry update process at entity level 
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updating geometry, it is important to acknowledge that 
existing data processing methods are evolving rapidly, 
particularly with the increasing prevalence of deep 
learning techniques. This evolution will lead to greater 
automation in the short term, even for real-time data 
scenarios. Therefore, during the framework design the 
focus was shifted away from specific current technical 
methods and moved to the broader aspects of the process 
and the underlying patterns. 
To develop a framework for updating the geometry of a 
Digital Twin several aspects were considered. This 
includes technical and conceptual aspects of the process, 
extending to the level of component entities and data 
(Hribernik et al., 2021). Based on theoretical research 
outcomes, a comprehensive roadmap for updating the 
geometry of a Digital Twin has been developed (Figure 
5). This roadmap addresses critical research questions, 
including the reasons for updating, the timing of updates, 
and the methods involved in the updating process. It also 
involves identifying the current state-of-the-art, 
distinguishing between problems and technology-driven 
approaches, recognising potential knowledge gaps and 
associated challenges, and establishing a future research 
objective within this context. 

Discussion and Future Work 

When dealing with a complex cyber-physical system such 
as a building and its Digital Twin, predicting the system's 
behaviour when one of its components is modified can be 

challenging. Therefore, it is essential to assess the 
potential impact of changes on overall performance. 
These changes can occur at several levels: 

1. Physical level:
● Changes in the physical geometry of the building that

are not reflected in the Digital Twin.
● Discrepancies in the geometry of the Digital Twin,

including noise, redundancy, and temporal elements,
are not presented in the actual building.

2. Digital Twin data level:
● Changes (systematic errors) in WSNs or other types

of data.
● Changes in computational capabilities from the

hardware perspective.
3. Digital Twin virtual model level:
● Immediate response: real-time updates of semantic

information based on real-time data.
● Planned response: scheduled update geometric

information using 3D data capture techniques.
● Validation: assessing how changes to the model's

geometry affect other Digital Twin components, such
as potential collisions with other systems (HVAC,
electrical, plumbing, etc.).

Furthermore, when considering the process of updating 
geometry from a more systematic perspective, it is 
important to recognise that certain solutions aimed at 
maintaining data integrity may require significant 

Figure 4: Process-level building geometry update 
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investment in terms of cost, time, and effort. In other 
words, why do we update the geometry and what is the 
cost of this process in terms of benefits and risks? This 
requires a methodical approach to the implementation and 
execution of these solutions (Singh, 2016). For example, 
some cases may require periodic updates of geometry 
according to a predetermined schedule (buildings under 
environmental or man-made influences, unique structures 
(supertall, asymmetric, free-form buildings, heritage 
objects, etc.)). On the other hand, there are situations 
where a one-off effort is sufficient, such as updating the 
geometry in response to unexpected events that affect the 
physical structure. Moreover, it is crucial to acknowledge 
that certain decisions or actions may be irreversible and 
have both positive and negative effects on system 
performance. In such cases, alternative scenarios, 
including the consequences of not updating the geometry 
at that time, need to be considered. Developing a robust 
risk management system, such as a data integrity backup 
solution, can also be a valuable strategy in these scenarios 
(Reinbold et al., 2022). 
Another aspect that deserves attention is the 
conceptualisation of the Digital Twin not as a static entity, 
but rather as a dynamic collection of interconnected 
systems that are continuously evolving. Typically, a 
combination of approaches is used, including both 
system- or model-based methods and data-driven 
approaches (Singh et al., 2020). This integration of 
approaches involves using knowledge from the original 
model, its constituent parts, and their technical 
specifications (e.g., building engineering systems 
specifications) and operational data generated throughout 
the lifecycle of the building. In this context, it is crucial to 
analyse the impact of planned interventions, such as the 
integration of new geometrical data, to prevent the 
disruption of existing processes and non-value-added 
activities that may result from a lack of awareness of the 

current situation or poor planning. To address these 
challenges, based on the analysis of the hotspots outlined 
in the roadmap, critical areas that require focused 
attention for further research can be summarised as 
follows: 
● Identification of key scenarios for implementing the

geometry update process.
● Investigation of the evolution of Digital Twin

throughout the building life span and the role of
influencing the geometry of the virtual model during
this process.

● Addressing data interoperability issues both at the
software level and in the broader context of lifecycle-
wide interoperability of building information.

Conclusions 

The concept of a Digital Twin is constantly evolving, and 
its role in the construction industry will grow significantly 
in the coming years. Advances in technology and the need 
to improve sustainability in construction will drive further 
digitisation. Maintaining the accuracy of a Digital Twin's 
geometry is a critical aspect of this evolution. It serves not 
only as a visual representation of a building but also as a 
valuable source of information for various tasks such as 
Building Energy Performance Simulation (BEPS) and 
Life Cycle Assessment (LSA). These types of analysis 
rely heavily on building geometry data. Without 
established frameworks or systematic solutions, the 
process can become intuitive and rely on subjective 
judgment. An incomplete evaluation of this process can 
result in missed opportunities to enhance the capabilities 
of the Digital Twin. Therefore, it is essential to develop a 
methodological approach to ensure that the geometry of 
the Digital Twin remains up-to-date. 
Most existing publications address the geometry update 
process primarily from a technical perspective, discussing 

Figure 5: The roadmap for the process of updating the geometry of the Digital Twin and future research directions 
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various data collection and processing options. However, 
the geometry update process is highly case-specific, 
which complicates the search for a universal solution, and 
this is one of the limitations of the current work. It is not 
possible at this stage to consider all the potential factors 
that may arise during the process. However, an analysis 
of Digital Twin update geometry from two angles, 
entity/process levels, and main components (physical, 
virtual, data), has resulted in the development of a 
roadmap that provides insights into the current landscape, 
identifies potential challenges, and outlines future 
research directions. Even at this stage, the roadmap can 
serve as a source of information for planning and 
implementing the process of updating the geometry of the 
Digital Twin. It provides a basis for understanding the 
underlying complexities and issues that may arise during 
the process and need to be addressed. 
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Abstract
While the prevalent use of complex structures such as In-
dustry Foundation Classes (IFC) in digital building mod-
els has good reasons, it also limits the easy accessibility
of data and hinders a common understanding of building
structures across different projects or companies. This
paper presents an approach to how existing classifica-
tion systems can effectively improve common understand-
ing by representing and collecting classification rules in
the machine and human-readable IDS format of build-
ingSMART. The formally mapped classification rationale
serves as a common starting point for stakeholders, cap-
turing and consolidating classification knowledge from
project or company-specific models and breaking down
technical barriers to using digital models. This initiative
contributes to a more collaborative and standardized dig-
ital construction industry and promotes better data under-
standing and knowledge sharing between stakeholders.

Introduction
The digitization wave sweeping across the construction in-
dustry necessitates the adoption of highly structured and
complex data formats like the Industry Foundation Classes
(IFC) to encapsulate the rich, multi-dimensional informa-
tion inherent in construction projects. (Zhang et al., 2014)
However, a significant barrier arises as stakeholders, par-
ticularly those with varied disciplinary backgrounds, grap-
ple with these complex data structures. The pressing need
is to ensure the most straightforward entry point for all
stakeholders into the digital realm, promoting wider adop-
tion and effective utilization of digital methods. (Opoku
et al., 2023)
Classification systems stand as a pivotal element in bridg-
ing this complexity gap. Essentially, classifications are
systematic arrangements in defined categories based on
shared characteristics, as ISO 14177 (International Orga-
nization for Standardization, 1994) outlines. These sys-
tems, utilized across diverse application areas and disci-
plines within the construction industry, provide a familiar
framework for engineers working with them for decades.
The essence of classification lies in its ability to streamline
information retrieval, enhance communication, and pro-
mote standardization, which is fundamental in handling
complex data structures inherent in digital construction
models.

State of the Art
The evolution of digital construction methodologies, par-
ticularly Building Information Modeling (BIM), has cat-
apulted the significance of classifications to a new level.

(Wu and Zhang, 2019) BIM, with its ability to create rich,
multi-dimensional digital representations of physical and
functional characteristics of assets, necessitates a struc-
tured approach to information management. Here, classi-
fication systems serve as the backbone for organizing this
voluminous data in a structured, accessible, and interop-
erable manner (Beetz, 2018). In the digital realm, clas-
sifications have evolved to serve as a categorization tool
and a medium to enhance information flow, accessibility,
and collaborative engagement. They are now employed to
structure the data within digital models, facilitating more
straightforward navigation, interpretation, and utilization
of the information. For instance, in terms of model struc-
turing, they aid in structuring digital models. This en-
ables stakeholders to navigate and interact with the model
contents through a familiar classification view and simpli-
fies the engagement with complex data structures like the
Industry Foundation Classes (IFC). In the context of in-
formation retrieval, classifications speed up the retrieval
of pertinent information. Organizing data systematically
and predictably becomes crucial for decision-making and
coordination among various project stakeholders. When
considering interoperability, classifications enhance this
by offering a standardized framework. This facilitates
efficient information exchange amongst numerous soft-
ware applications and platforms typically employed in a
project. Lastly, there’s a shift in modern digital construc-
tion methodologies towards knowledge capture. More
than ever, there’s a focus on capturing and formalizing the
knowledge of how components are classified. This pivotal
change facilitates a shared understanding and consensus
on classification standards throughout the industry.
In practice, there are two different ways of classifying
components of a digital construction model: (1) Rule-
based Classification and (2) Attribute-based Classifica-
tion.

Attribute-based Classification describes a process in
which the model authors manually add attributes to the
components to assign the component according to a
classification. This pragmatic approach is confirmed
by its implementation in industry practices and stan-
dards, such as the guidelines of BIM Deutschland (BIM
Deutschland, 2024). This initiative makes key recom-
mendations for the use of BIM in Germany. It empha-
sizes the need for defined attributes to be added and
maintained across all service phases for Level of Infor-
mation (LoI), exemplified by the requirement to add at-
tributes for classification according to DIN 276 manu-
ally. This customization provides flexibility in classifi-
cation as attributes can be tailored to suit specific project
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needs. It also facilitates intuitive classification based
on observable or measurable characteristics. Despite
its practical application and advantages, this method in-
volves significant manual effort, which can be cum-
bersome, time-consuming, and prone to errors. Addi-
tionally, a coherent understanding of the classification
scheme among all stakeholders is required to ensure con-
sistency. The manual addition of attributes leaves the
underlying rationale for classification with the human
operator devoid of formalization. This tacit knowledge
remains unshared and unstandardized across the indus-
try, highlighting the necessity of initiatives like BIM
Deutschland in guiding the industry toward standardized
practices.

Rule-based Classification is a methodology that lever-
ages static filter-like rules within native software tools.
Users implement rule logic to filter components based
on inherent information. This mechanism automates
the classification process, ensuring consistency and effi-
ciency while reducing the manual effort required. How-
ever, it presents limited flexibility in adapting to vary-
ing classification needs, and the logic may become com-
plex and challenging to manage with evolving project
requirements. (Bloch and Sacks, 2018) A notable short-
fall of this approach is the lack of formalization of the
underlying rationale for classification, making it diffi-
cult to capture and share classification knowledge across
the industry. This mechanism can also be used to har-
monize different types of content from other authoring
tools. For example, exterior walls that have different
characteristics (e.g., name or specific property) in var-
ious models can be identified as such. Prominent ex-
amples of rule-based classification in practice are seen
in tools like Solibri Office and BIMcollab Zoom (Solibri,
2023; BIMcollab, 2023) (see Figure 2). In Solibri Office,
classifications are facilitated through predefined rules,
allowing users to filter and organize model components
efficiently. Similarly, Smart Views in BIMcollab Zoom
enable users to create custom views based on rule logic,
aiding in the classification and visualization of model
components. Figure 1 shows how users can define these
rule-based classifications within Solibri Office. These
examples showcase the practical utility of rule-based
classification but also underline the inherent limitations
in flexibility and formalization of classification ratio-
nale, underscoring the necessity for exploring alternative
or supplementary methods to encapsulate classification
knowledge in a more standardized, shareable format.

When examining the two prevalent classification methods,
each brings distinct advantages. Rule-based classification
stands out for its automation and consistency, offering a
quicker and more standardized way of categorizing items.
Conversely, attribute-based classification shines in its flex-
ibility and intuitiveness, enabling more customized classi-
fications.
Delving into the disadvantages, rule-based classification
reveals certain limitations. Its adaptability to varying clas-

Figure 1: User interface in Solibri Office, in which a user can
build up classification rules line by line

sification needs is initially restricted, posing a challenge in
dynamic projects. As these projects evolve, the rule logic
might become complex, cumbersome to manage, and po-
tentially decelerating the classification process. Most no-
tably, the absence of clarity in the rationale behind classifi-
cations obstructs the sharing and standardization of classi-
fication logic across different projects or teams, impeding
collaborative endeavors and industry-wide learning.
On the flip side, attribute-based classification carries its
own set of hurdles. It demands manual effort in classifying
items, which can be time-intensive and error-prone, partic-
ularly in large-scale projects. Additionally, a coherent un-
derstanding of the classification scheme among all stake-
holders is requisite to maintain consistency, a demand that
could be challenging in diverse teams or multi-stakeholder
projects. Like its rule-based counterpart, attribute-based
classification falls short in elucidating the reasoning be-
hind classifications, leaving the understanding of classi-
fication logic unshared and unstandardized across the in-
dustry. This shortfall again hinders knowledge sharing and
collaborative efforts.
Bothmethods share a common pitfall: the ambiguity in the
reasoning behind classifications. This ambiguity stifles the
sharing and understanding of classification logic across the
industry, pinpointing an area ripe for further exploration.
In summation, while each classification method boasts
its unique strengths, they both encounter significant chal-
lenges, chiefly in elucidating the reasoning behind clas-
sifications to foster knowledge sharing and industry-wide
standardization. This exposition underscores the need for a
refined classification approach that combines the strengths
of rule-based and attribute-based classifications while al-
leviating their weaknesses, paving the way for enhanced
sharing and understanding across the digital construction
domain.

Approach
The potential benefits of formalizing this classification
knowledge in a shareable, neutral format are manifold.
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Figure 2: Showing Smart Views in BIMcollab Zoom (left) and Classifications in Solibri (right)

Firstly, it provides stakeholders with valuable insights, en-
abling a more comprehensive understanding and agree-
ment on classifying components. This mutual understand-
ing is crucial for harmonizing different stakeholders’ per-
spectives. Additionally, a significant benefit is the reduc-
tion of manual work. By utilizing existing information
about components for automated classification, the pro-
cess becomes more efficient and consistent, minimizing
the chances of errors that come with manual classifica-
tion. A key advantage is the encapsulation of rule logic
into a standardized format. This encapsulation creates a
common language that explains the reasoning behind each
classification, making it much easier to manage and share
across various projects and teams. Overcoming the typ-
ical constraints associated with traditional classification
methods, this approach fosters better collaborative engage-
ment. A standardized format serves as a common ground,
encouraging dialogue and cooperation among stakehold-
ers, which is vital for the success of digital construction
projects. Moreover, streamlined data management is a sig-
nificant outcome of this approach. It simplifies the classi-
fication process and creates a more organized digital en-
vironment, making navigating and interacting with digital
models easier. Often, the rationale behind a component’s
classification is inherently depicted by the existing infor-
mation about the component. The prevalent constraints
can be overcome by identifying and encapsulating this
rule logic into a standardized format, paving the way for
enhanced collaborative engagement and streamlined data
management in digital construction. By extracting and for-
malizing this rule logic into a standardized form, we can
transcend the current limitations, unlocking a new horizon
of collaborative engagement and streamlined datamanage-
ment in digital construction. Through this endeavor, we
aspire to intertwine the existing classification systems with
complex data structures, simplifying the digital landscape
for all stakeholders and nurturing a more collaborative, ef-
ficient, and user-centric digital construction ecosystem.

Standardized Formats for Formalizing Classification
Knowledge

It is worth investigating existing standards that can effi-
ciently encapsulate and share classification rule logic to

formalize classification knowledge within the digital con-
struction domain. Among the many available formats,
mvdXML and Information Delivery Specification (IDS),
both by buildingSMART International, emerge as suit-
able candidates owing to their structured frameworks and
widespread recognition in the industry (Tomczak et al.,
2022). A summary of the different pros and cons for our
use case is shown in Table 1.
mvdXML (buildingSMART, 2016) is a technical schema
accompanying Model View Definition (MVD) to formal-
ize and validate data exchanges in construction projects.
MVD is used to specify subsets of the Industry Founda-
tion Classes (IFC) schema to facilitate interoperability in
specific use cases. It can also be leveraged to formalize
classification knowledge, aligning it with established in-
dustry standards. mvdXML provides a structured frame-
work with an added validation layer, ensuring the encap-
sulated classification rule logic adheres to the predefined
standards. Employing mvdXML to formalize classifica-
tion knowledge could align the classification logic with es-
tablished industry standards, promoting consistency and
interoperability. Furthermore, the validation feature of
mvdXML could be instrumental in maintaining the in-
tegrity of classification logic over time.
Information Delivery Specification (IDS) (buildingS-
MART International, 2023a) is a relatively newly intro-
duced schema specifying a construction project’s infor-
mation delivery requirements. It serves as a blueprint,
outlining the nature, format, and extent of information to
be exchanged amongst stakeholders at various stages of a
project lifecycle. By doing so, IDS augments the clarity,
consistency, and efficiency of information exchange, mini-
mizingmisunderstandings and errors that could potentially
derail a project.
The primary intent of IDS is to facilitate the precise articu-
lation and fulfillment of information requirements. It acts
as a bridge, ensuring that the information generated and
consumed across different phases of a construction project
is aligned with the defined standards, thereby promoting
interoperability and collaborative engagement.
Suggested Methodology
mvdXML offers a broad framework for formalizing and
validating data exchanges in construction projects across
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Table 1: Comparison of mvdXML and IDS for Formalizing Classification Knowledge

mvdXML IDS
Pros + Powerful, structured framework for for-

malizing data exchanges.
+ Supports detailed specification of data

subsets in IFC for interoperability.
+ Built-in validation ensuring adherence to

industry standards.
+ Potential for aligning classification logic

with established standards.

+ Simplified and straightforward encapsula-
tion of classification rule logic.

+ Quickly adopted standard by buildingS-
MART, ensuring industry recognition.

+ Compatible with existing IDS editors for
authoring and editing.

+ Facilitates interactive exploration and ap-
plication of classification logic.

+ Supports regular expressions (RegEx) for
the specification of values

Cons – Complexity and detailed structure may
challenge users.

– Many features may be redundant for clas-
sification, adding to the complexity.

– Low market penetration given that it was
introduced years ago.

– Lacks built-in validation mechanism.
– May require additional effort to capture

more complex classification logic.
– No existing tools for interpreting IDS in

the proposed manner (before demonstra-
tor development).

various use cases of the IFC schema. In contrast, the Infor-
mation Delivery Specification (IDS) is limited to specific
aspects of mvdXML, focusing on clearly articulating in-
formation delivery requirements throughout a construction
project’s lifecycle. While mvdXML is versatile enough to
encompass the functionalities of IDS, the latter’s targeted
approach promises to be more user-friendly and stream-
lined for its intended purpose.
Despite its robustness and comprehensive technical
schema, the mvdXML standard has specific challenges
that could hinder its prompt adoption of our suggested ap-
proach. A primary concern is its current market penetra-
tion, which is not as widespread as desired, potentially lim-
iting its immediate usability and acceptance for formaliz-
ing classification logic. Furthermore, the high complex-
ity of mvdXML poses a steep learning curve for stake-
holders, especially those new to digital construction stan-
dards, which could deter them from adopting this standard
for classification logic formalization. On the other hand,
the IDS standard, with its simplified approach, presents a
lower barrier to entry, making it a more attractive option.
Despite these concerns, the potential of mvdXML in this
domain is acknowledged, and a comparative analysis with
IDS in future studies could provide a nuanced understand-
ing of their respectivemerits and limitations in formalizing
classification knowledge.
Our proposed method utilizes the Information Delivery
Specification (IDS) format without altering or extending
its existing structure. The key idea is to employ a slightly
different interpretation of certain aspects of the IDS for a
distinct, constructive purpose.
The IDS file format, grounded in a standardized XML
schema, is a robust mechanism for detailing informa-
tion requirements for elements within Industry Foundation

Classes (IFC) files. An IDS file comprises two main sec-
tions: a Header containing general metadata about the file
and a list of Specifications detailing the information re-
quirements for IFC elements.
Each Specification within an IDS file is divided into three
components: Metadata, Applicability, and Requirements.
Metadata provides contextual information about the Spec-
ification, Applicability defines the scope of elements the
Specification applies to, and Requirements outline the ac-
tual information requirements for the objects in question.
Both the Applicability and Requirements components use
a mechanism known as Facets to specify their content. In
the context of IDS, Facets describes potential information
an element in the IFC model might have. Six precisely
defined Facet Parameters are used to make these require-
ments machine-interpretable, namely:

• Entity Facet
• Attribute Facet
• Classification Facet
• Property Facet
• Material Facet
• PartOf Facet

Traditionally, the IDS specification is divided into two
main parts: the ’Applicability’ part, which outlines the
specific components the specification applies to, and the
’Requirement’ part, which outlines the information re-
quirements for those components. Our methodology re-
tains the conventional use of the ’Applicability’ part but
adopts a different interpretation of the ’Requirement’ part.
Instead of seeing the facets defined in the ’Requirement’
part as information requirements, we suggest interpreting
them as classification logic. This subtle shift in interpreta-
tion allows an IDS specification to be seen as one or many
applicable classification rules. These rules, encapsulated
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in the ’Requirement’ part, apply to the components speci-
fied in the ’Applicability’ part.
Figure 3 shows an example of this. In this example, the
characteristics for identifying load-bearing external walls
are defined in the ’Applicability’ part, and then two classi-
fication requirements are listed in the ’Requirement’ part.
According to the introduced logic, all identified build-
ing components in a model should now be classified as
”buitenwanden; niet constructief, massieve wanden” ac-
cording to the Dutch NL-SfB 2005 and as ”332 - Nicht-
tragende Außenwände” according to the German DIN 276
(BIM Loket, 2023; DIN, 2018).Since an entry is stored in
the buildingSMART Data Dictionary (bsDD) (buildingS-
MART International, 2023b) for the Dutch classification,
a corresponding URI can also be stored here, which links
the resulting classification to the entry.
This novel methodology facilitates the systematic classi-
fication of components based on established logic, nur-
turing a more structured and insightful representation of
model data. The transparency of the classification logic
further improves understanding and consensus among dif-
ferent stakeholders, fostering a more collaborative and ef-
ficient digital construction ecosystem.
Utilizing the existing IDS format in such an innovative way
aligns with the industry’s ethos of leveraging established
standards to foster interoperability and knowledge sharing
while paving the way for enhancing the practicality and
usability of digital models in construction projects.

Results & Test Cases
This section examines the practical application and feasi-
bility of the proposed methodology using selected test sce-
narios. The aim is to gain insights into how the approach
performs when applied to real cases. For this preliminary
investigation, we have focused on the example of the na-
tional classification system DIN 276 to assess its applica-
bility and robustness. This decision marks our first effort
to validate the proposed method and illustrate its feasibil-
ity straightforwardly.

IDS Authoring & Demonstrator
Creating IDS files is a crucial part of this process, and
having accessible tools significantly aids in this endeavor.
One significant advantage of authoring the IDS according
to the suggested approach is the compatibility with exist-
ing IDS editors, whether commercial or open-source. As
the IDS specification is not changed or expended, any com-
patible IDS editor can create, author, or edit the suggested
classification logic.
For this research, the open-source xBIM IDS Editor
(Benghi, 2023) was used to create the IDS files.
Given the absence of existing tools capable of interpreting
the IDS as per our suggested methodology, a demonstra-
tor was developed utilizing ifcopenshell (Krijnen, 2023)
and the IFC.js (Viegas, 2023) viewer components. This
demonstrator allows stakeholders to interact with IDS files
alongside IFC files. In this setup, users can conveniently

load IFCfileswith one ormultiple IDS files, and the encap-
sulated classification logic is automatically applied. Con-
sequently, users are presented with the classification sys-
tems and the corresponding classification items, alongside
the count of components identified as classified compo-
nents according to the rules contained. Users can interac-
tively navigate the model by clicking and highlighting the
objects based on their classification.
This demonstrator serves as a practical illustration of the
utility and effectiveness of our proposed approach, facil-
itating an interactive exploration of classification systems
and the underlying classification logic within the digital
construction models. In its current form, the viewer imple-
mented acts more like a substitute, given the lack of exist-
ing implementations capable of interpreting the IDS as per
our methodology. However, a far more impactful use case
for the resulting IDS would be its integration into any plat-
form users utilize to visualize, create, or edit digital build-
ing models. Such integration would significantly enhance
the user experience by allowing the contents to be imme-
diately structured according to the classification logic rep-
resented in the IDS files. This showcases the potential of
integrating the existing IDS format for classification pur-
poses and demonstrates a path toward fostering a more
collaborative and insightful interaction with digital con-
struction data among stakeholders. Through this hands-
on evaluation, the proposed methodology has showcased
promise in bridging the complexity associated with digital
construction models, paving the way for broader adoption
and effective utilization of digital methods in the construc-
tion industry. The resulting demonstrator is shown in Fig-
ure 4.
At this point, it should be added that the resulting classi-
fication results can also be fed back into an IFC model,
as the IFC schema provides explicitly for this. However,
it should be noted that this content only reflects the clas-
sification results but not the classification logic itself. If
there are changes in the IFC model, the logic stored in the
IDS would have to be applied again, and the classification
contents stored within the IFC model would have to be up-
dated. The resulting classification data can also be added
to the IFC file on demand as part of the prototype develop-
ment. For example, these contents can be displayed with
Solibri Office as shown in figure 5.
The entire development of the Prototype Framework and
the generated IDS files are open source and can be reused
(iabi, 2023).

Use Case: DIN 276
The German DIN 276 standard is a vital guideline in the
construction industry for structuring and managing costs
in construction projects (DIN, 2018). It categorizes costs
systematically, aiding in accurate budget planning and risk
reduction by standardizing cost estimation and allocation.
This standard ensures financial discipline, transparency,
and effective communication among stakeholders in Ger-
man construction projects. We have translated significant
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1 <ids>
2 <specification name=”LoadBearing External Walls” ifcVersion=”IFC2X3 IFC4”>
3 <applicability>
4 <entity>
5 <name pattern=”IFCWALL|IFCWALLSTANDARDCASE”/>
6 </entity>
7 <property name=”IsExternal” datatype=”IfcBoolean” value=”TRUE” propertySet=”Pset_WallCommon”/>
8 <property name=”LoadBearing” datatype=”IfcBoolean” value=”FALSE” propertySet=”Pset_WallCommon”/>
9 </applicability>

10 <requirements>
11 <classification uri=”https://identifier.buildingsmart.org/uri/nlsfb/nlsfb2005/2.2/class/21.11”
12 value=”buitenwanden; niet constructief, massieve wanden”
13 system=”NL-SfB 2005”/>
14 <classification value=”332 - Nichttragende Außenwände”
15 system=”DIN 276”/>
16 </requirements>
17 </specification>
18 </ids>

Figure 3: Example IDS File containing classification logic - this example is for illustration purposes and is not directly usable as IDS
because it was simplified

Figure 4: Resulting framework Demonstrator showing different resulting classifications processed using the IDS-representation of the
German DIN 276

parts of the DIN 276 structure into IDS for demonstration
purposes using the approach presented in this paper.
The resulting IDS can be used in the prototype framework
to classify and structure any IFC model, showing the re-
sulting structure on the fly. Figure 4 shows different clas-
sification results that have been successfully applied using
the rules contained in the IDS. On-demand, the resulting
classification can also be written back into the IFC file as
references IfcClassificationReference objects.

Conclusions & Outlook
The exploration into formalizing classification knowledge
via the IDS format reveals a promising avenue toward

bridging the intricacies of digital construction data with
the practical necessities of industry stakeholders. This
methodology not only leverages an established standard
but also proposes a nuanced interpretation that aligns clas-
sification logic with the inherent structure of construction
components. The resultant framework demonstrates a tan-
gible step towards a more collaborative, efficient, and user-
centric digital construction ecosystem. The success of the
applied test cases underscores the methodology’s potential
to facilitate more intuitive interaction with complex data
structures, thereby fostering a broader understanding and
engagement across disciplinary bounds.

However, our approach is only a first step and has a whole
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Figure 5: Resulting classification shown in Solibri Office

series of limitations that require consistent further devel-
opment and refinement:

Exploration of Complex Classification Systems: In
our contribution, we have initially converted elementary
parts of DIN 276 as a first step to test the basic concept.
Of course, there are other national or specialized
classification systems worth translating into IDS to
make them easily applicable to the masses. Our future
research will examine more complex classification
systems such as Uniclass and Omniclass. These sys-
tems are designed for more complicated and global
classification requirements and will be essential for
expanding the scope of our study.

Dependence on correct model content: The accuracy
and precision of model content remain critical to the
successful application of any classification system,
underscoring the need to improve modeling procedures
continuously. The effectiveness of classification sys-
tems depends mainly on users’ consistent and accurate
maintenance of attribute data. Our approach does not
change this, but this is not the intention because, at
this point, it is the task of model quality assessment
and assurance mechanisms to ensure the appropriate
quality.

Conversion of Native Classifications: Regardless of of-
ficial classification systems, a lot of valuable classifica-
tion knowledge is deeply embedded in native software
solutions and remains inaccessible without targeted and
sometimes laborious extraction processes. This rep-
resents a significant obstacle to using this knowledge
across different systems. Classification knowledge cur-
rently only contained in systems such as Solibri Clas-
sifications and BIMcollab Smart Views needs to be ex-
tracted and converted into an open format such as IDS.

This will enable wider sharing and application of this
knowledge, overcoming the limitations of proprietary
systems and improving interoperability and collabora-
tion across digital construction platforms.

Our work represents an initial step towards potential im-
provements as we explore automated classification and
model validation. It introduces possibilities for further
research in model semantics, knowledge extraction, and
sharing classification knowledge. Future efforts can focus
on refining these methods to enhance their practicality and
efficiency:
Automatic Derivation of Classification Logic: A
proactive examination of existing models with clas-
sification attributes could be undertaken to derive
classification logic from these models automatically.
Utilizing Artificial Intelligence (AI) and Machine
Learning (ML) techniques, the underlying classification
logic within these models could be extracted and
formalized into IDS files. This automated extraction of
classification knowledge could potentially unveil a rich
repository of classification logic, making it available for
users across different platforms.

Model Validation: The established classification logic
can be employed in its original intent, as per IDS, for
validating models. This validation ensures that models
adhere to defined classification schemes, enhancing the
quality and consistency of digital construction data.

Semantic Enrichment of Models: The classification
logic could also serve as a mechanism for semantically
enriching models. When a component is identified
under a specific classification, this logic could pro-
vide instructions on the data placeholders or specific
values the component should possess. This semantic
enrichment facilitates a more detailed and nuanced
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representation of construction components, enriching
the digital construction model.

Community-Driven Evolution: Encouraging a
community-driven evolution of this methodology
could foster a collaborative environment for continu-
ously refining and expanding the classification logic.
Engaging with industry experts, academia, and software
developers could collectively advance this approach,
aligning it more closely with real-world needs and
emerging industry standards.

The envisioned enhancements and the community-driven
evolution of this methodology highlight the potential of
this approach in addressing the present challenges and
adapting to the evolving needs of the digital construction
landscape. Building upon the established standards and
engaging with the broader community could significantly
contribute to the ongoing digitization efforts within the
construction industry, making digital construction models
more accessible, understandable, and usable for all stake-
holders involved.
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Abstract
In response to the EU’s Green Deal and its emphasis on
sustainable construction, this study introduces an inno-
vative framework for the AECO industry aimed at over-
coming the prevalent challenge of fragmented and non-
standardized product data exchange processes. By in-
tegrating Information Delivery Specification (IDS) and
buildingSMART Data Dictionary (bSDD), the proposed
framework enhances the accuracy and efficiency of prod-
uct data exchange. This approach addresses current ineffi-
ciencies in the sector and aligns with sustainable objectives
by ensuring consistent, up-to-date information, thereby fa-
cilitating better adherence to safety, budget, and regulatory
standards.

Introduction
The Architecture, Engineering, Construction, and Oper-
ations (AECO) sector critically relies on accurate and
timely product data, from design specifications to mate-
rial properties (Tulke and Schumann, 2018). This data is
essential to ensure projects are executed smoothly, remain
within budget, and comply with safety and regulatory stan-
dards. However, the sector faces significant challenges:
Fragmentation of Product Data: Varied and non-
standardized data from manufacturers often lead to de-
lays and inaccuracies in project execution.
Lack of Standardization: The absence of a unified ap-
proach in data provision hampers efficient data retrieval
and application.

These challenges become more pronounced with the im-
plementation of the European Union’s Green Deal, which
underscores the need for sustainable construction and
stringent environmental standards (European Commis-
sion, 2023; Schunz, 2022). The Deal necessitates immedi-
ate access to detailed, accurate product data to ensure com-
pliance. Moreover, the push towards a circular economy
emphasizes the importance of understanding building ma-
terials’ origin, composition, and recyclability, where data
discrepancies can result in non-compliance and potential
legal or reputational damage. This context sets the stage
for our research, highlighting the need for a standardized
and efficient method to query and retrieve product data,
a crucial element for operational efficiency and reliability
in the AECO sector. At the same time, a persistent chal-
lenge within the sector has been the non-uniform manner
in which product data is provided by manufacturers, owing
to a lack of industry-wide standardization (Kebede et al.,
2022; Lucky et al., 2019). This fragmentation obstructs ef-
ficient data retrieval and utilization, inevitably leading to

delays and inaccuracies in project execution. The research
gap thus emerges from the necessity of a streamlined, stan-
dardized method for querying and retrieving product data
from manufacturers.

State of the Art
In the dynamic domain of digital construction, the seam-
less exchange of product information between manufactur-
ers and core stakeholders such as contractors, designers,
and engineers is fundamental. This exchange profoundly
influences various stages of the construction process, fa-
cilitating informed decision-making, accurate cost estima-
tion, and adherence to compliance norms, among other
critical facets (Aranda-Mena and Wakefield, 2006). The
information regarding products is especially crucial dur-
ing distinct phases such as the planning and design, ten-
dering, procurement, construction, and operational main-
tenance phases. During the planning and design phase, en-
gineers and architects heavily rely on product information
tomake critical design decisions, ensuring that the selected
products align with the project’s objectives and compli-
ance requirements (Yogana and Latief, 2021). The data
aids in evaluating the compatibility of products with the
design intent and making necessary adjustments to the de-
sign. As the project transitions to the tendering stage, ac-
quiring precise product data is indispensable, empowering
contractors and planners to craft accurate bids. They ne-
cessitate detailed specifications, pricing, and the availabil-
ity of products to devise competitive yet realistic tenders.
A significant aspect of the tendering process is the com-
parative analysis of products from different manufacturers.
This step helps ascertain the most suitable options in terms
of cost and functionality. Procurement is the next critical
phase, where accurate product data is vital for making in-
formed purchasing decisions. At this juncture, a bulk of
comparison between different manufacturers’ products is
carried out to secure the best value and ensure project con-
tinuity. Once the construction phase commences, access
to product information is essential to ensure that suitable
materials are utilized per the specifications. It also aids in
addressing any on-site challenges that may arise related to
product installations. Post-construction, during the opera-
tional maintenance phase, having a repository of product
information proves invaluable for facility management and
maintenance activities. It aids in ensuring that the prod-
ucts used are serviced or replaced following the manufac-
turer’s guidelines. Traditionally, obtaining product infor-
mation has been a manual process, relying on product data
descriptions typically provided in PDF format by manu-
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facturers due to industry norms. Although functional, this
method is time-consuming and prone to data inconsisten-
cies, mainly when product specifications are updated.

Platforms for the distribution of product data
In the evolving landscape of the AECO industry, the emer-
gence of platform providers for product data has become
notable. Acting as intermediaries, these platforms house
various manufacturers’ product data, providing a central-
ized hub for stakeholders to efficiently access and compare
product information. Such platforms include BIMobject
(BIMobject AB, 2023) and Cadenas (CADENAS GmbH,
2023).
These providers endeavor to bridge the gap between prod-
uct manufacturers and various industry stakeholders, in-
cluding contractors and designers, positioning themselves
as intermediaries that provide access to product data that
is more about availability than immediate, customizable
retrieval. Such platforms are particularly valuable dur-
ing phases like tendering and cost calculation, where
precise product specifications are paramount. However,
the adoption of these platforms presents significant chal-
lenges. The utility of such a platform is contingent upon its
widespread acceptance by multiple product manufactur-
ers, as navigating various platforms not only complicates
the workflow but also introduces inefficiencies. Therefore,
for contractors and other stakeholders to reap the full ben-
efits, a unified system is essential to streamline processes
and enhance efficiency across the board.
A more pressing concern is the redundancy inherent in
these systems. Product manufacturers, in their typical op-
erations, maintain detailed specifications within their pro-
prietary databases or systems. The introduction of inter-
mediary platforms necessitates the replication of this data
onto the new platform. This duplication poses several
risks:
Inconsistencies: There’s always the potential for discrep-
ancies between the data in the manufacturer’s primary
system and those copied onto the intermediary platform.

Data Asynchronicity: The delay between updates in the
manufacturer’s system and their replication on the plat-
form can result in stakeholders accessing outdated infor-
mation.

Maintenance Overhead: For manufacturers, managing
and updating product data in two places can be resource-
intensive and error-prone.

While these platform providers aim to streamline pro-
cesses and enhance accessibility to product data, they in-
advertently introduce complexities and potential data in-
tegrity issues. It underscores the need for more integrated
solutions to address these challenges, ensuring stakehold-
ers have access to consistent, up-to-date product informa-
tion without the pitfalls of redundancy.

Digital labeling and classification systems
In contrast to dedicated platforms that aim to host all the
information, other approaches aim to link the connections

between the required data and the manufacturers’ data and
manage these links. A prominent example is the Univer-
salTypes, developed and owned by ProMaterial under the
aegis of buildingSMART International (buildingSMART
International, 2023c). This initiative was developed to
standardize and harmonize the characteristics and proper-
ties of products in a catalog and thus significantly improve
the real-time sale of building products and materials.
Initially published as a publicly available specification in
the buildingSMART Data Dictionary (bSDD), the lan-
guage of UniversalTypes is envisioned to be standard-
ized and maintained for general use. Unlike previous sys-
tems that were confined to proprietary platforms, Univer-
salTypes is integrated with the bSDD, enabling it to lever-
age a wider industry acceptance and providing a robust
foundation for data harmonization across the construction
sector. This integration is illustrated in our study’s Figure
2, where UniversalTypes are referenced as a classification
system within the bSDD framework (buildingSMART In-
ternational, 2024).
ProMaterial offers a dedicated platform that utilizes Uni-
versalTypes to streamline online sales processes. Within
this platform, products can be explored using specific
properties defined as UniversalTypes, such as the man-
ufacturer’s product number, Data-provider product ID,
and various product dimensions and material properties.
These properties are essential for designers during the de-
sign phase, allowing for an in-depth analysis and compar-
ison of products from different manufacturers.
Moreover, ProMaterial extends its functionality by provid-
ing developer documentation for API development, facili-
tating advanced queries and interactions with the Univer-
salType Center for more customized workflows. This in-
tegration enhances the efficiency and accuracy in data re-
trieval and analysis, making it a valuable tool for planners’
workflows and embodying modern digital construction in-
dustry processes.
In summary, the classification part of UniversalTypes rep-
resents a robust approach that not only uniquely identifies
individual features but also complements other classifica-
tion systems. It is showcased by its integration into the
bSDD, enhancing its utility and reach. However, the re-
liance on a dedicated platform for providing this informa-
tion highlights a business case that inherits the limitations
of proprietary platforms, posing challenges for achieving
a truly open, vendor-neutral solution.

Product Data Templates (PDT)
A Product Data Template (PDT) is a standardized format
that outlines essential and optional product attributes, such
as fire rating and color, according to established product
standards. PDTs offer a unified method for handling con-
struction product data, simplifying the process for man-
ufacturers to keep product details up-to-date. The ISO
standard 23387:2020 establishes guidelines for data struc-
tures that describe construction-related entities, promot-
ing efficient digital information exchange and operational
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enhancement (International Organization for Standardiza-
tion, 2020b). ISO 23387:2020 is a consistent further step
after ISO 23386:2020 that includes a definition of char-
acteristic structures (International Organization for Stan-
dardization, 2020a). PDTs are supposed to maintain data
consistency across a product’s lifecycle and are designed
to be machine-readable for easy data exchange.
A Product Data Sheet (PDS) is created when manufac-
turers input data into a PDT using specialized software,
detailing a construction product’s technical and perfor-
mance characteristics according to various regulations and
requirements. As a product’s identifiable document, a PDS
ensures the supply chain can access up-to-date and accu-
rate information from a trusted source. Unlike static for-
mats like PDFs, PDSs support automation by integrating
with various manufacturer systems, such as Product In-
formation Management (PIM), Digital Asset Management
(DAM), or Enterprise Resource Planning (ERP), to keep
data fresh. They can act as a single source of truth for au-
tomatic updates across these systems.
PDTs can potentially improve data management in con-
struction, but they come with challenges. The complex-
ity of PDTs, particularly their integration with the IFC
schema, creates a steep learning curve that can discour-
age smaller firms or those without technical expertise. The
specificity of PDTs to IfcTypes can also be restrictive, lack-
ing the flexibility to handle unique data needs and some-
times leading to inaccuracies requiring manual correction.
Moreover, PDTs’ reliance on the IFC schema can be limit-
ing if the IFC schema has no prominent role in the project
or undergoes changes, necessitating updates to the PDTs.
Integrating PDTs into existing systems not designed for
them can be complex and costly. PDSs, while designed to
be a standardized source of information, face issues with
data consistency, mainly when multiple parties contribute
to project-specific PDSs.
Filling out PDSs can be time-consuming for manufactur-
ers, particularly for those with a wide range of products or
frequent updates. Despite these obstacles, the industry is
working towards improving these systems to leverage their
benefits in the digitally evolving construction sector fully.
The transition involves overcoming the initial difficulties
associated with adopting new technologies.

Formulating requirements for successful and
efficient product data exchange
The AECO sector is at a pivotal juncture where the need
for accurate product data intersects with the drive for sus-
tainable construction mandated by the EU’s Green Deal.
Despite the potential of existing systems like native Prod-
uct Data Platforms or Product Data Templates (PDTs),
their adoption faces significant hurdles. The complex-
ity of these systems, their integration challenges, and the
need for consistent, up-to-date data underscore the ne-
cessity for a more streamlined approach to product data
exchange. The industry’s reliance on fragmented and
non-standardized data hinders project efficiency and poses

risks to compliance with emerging sustainability regula-
tions. As the sector grapples with these challenges, it be-
comes clear that a new paradigm is needed to address the
limitations of current methodologies and set clear, action-
able requirements for a robust data exchange framework.
To transition from the current state of disparate data prac-
tices to a future of streamlined and standardized data ex-
change, the following requirements must be met: Firstly, it
is imperative to have a standardized data format. A univer-
sally accepted data format ensures seamless product data
integration into the myriad software tools and platforms
employed across the sector. Moreover, the systems utilized
by various stakeholders, be they architects, engineers, or
contractors, must be interoperable. This interoperability
ensures smooth data exchange devoid of any compatibil-
ity hiccups. The integration of open APIs and dedicated
tools can further smoothen this process. For widespread
adoption, platforms or tools designed for data exchange
must feature an intuitive user experience, easing the tran-
sition for all involved parties. Additionally, these plat-
forms should allow stakeholders to retrieve specific data
subsets efficiently, negating the need to sift through entire
datasets. Another cornerstone of this endeavor is real-time
data access. Stakeholders should always be working with
the most recent information available.

Approach & Methodology
To enable the information orderer and provider to com-
municate information and requirements directly, this study
proposes using the newly introduced Information Deliv-
ery Specification (IDS) standard from buildingSMART in
conjunction with data dictionary services, e.g., buildingS-
MART Data Dictionary. The main objective of this study
is to optimize the information exchange between the two
main stakeholders in this process, especially in phases such
as the tender: the information receiver and the sender.
Therefore, the central idea is to rely on existing standards
and describe a process as simply as possible, allowing as
few obstacles as possible between these stakeholders.

buildingSMART Data Dictionary (bSDD)
The buildingSMART Data Dictionary (bSDD) serves as a
fundamental source for ensuring data consistency and in-
teroperability between different software platforms and ac-
tors in the AECO industry. Although there are several or-
ganizations that see establishing such sources as their task
(see, e.g., the BIM Portal of the Federal Government (BIM
Deutschland, 2023)), in our approach, bSDD provides the
standardized terminology and data structures. These struc-
tures can be referenced in the Information Delivery Speci-
fication (IDS) to effectively communicate the data require-
ments and ensure that the exchanged product data is cor-
rect and commonly and uniformly understood within the
industry, particularly between the purchaser and supplier.
As demonstrated in Figure 2, we explicitly utilize refer-
ences from bSDD to establish this connection and en-
sure uniformity across the data exchanged. This us-
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Figure 1: Schematic representation of the suggested methodology and process between the actor that orders and that provides the
information

age highlights how bSDD’s standardized terminology and
data structures are critical in supporting the IDS’s role in
enhancing interoperability and clarity in communication
among stakeholders.

Information Delivery Specification (IDS)
Information Delivery Specification (IDS) (buildingS-
MART International, 2023b; Tomczak et al., 2022) is a
rather newly introduced XML-based tool to specify a con-
struction project’s information delivery requirements. It
serves as a blueprint, outlining the nature, format, and
extent of semantic information to be exchanged amongst
stakeholders at various stages of a project lifecycle. By
doing so, IDS augments the clarity, consistency, and ef-
ficiency of information exchange, minimizing misunder-
standings and errors that could potentially derail a project.
The primary intent of IDS is to facilitate the precise articu-
lation and fulfillment of information requirements. It acts
as a bridge, ensuring that the information generated and
consumed across different phases of a construction project
is aligned with the defined standards, thereby promoting
interoperability and collaborative engagement. However,
the structure of the format itself offers a variety of possibil-
ities for further application areas that the introduction can
open up. In addition, the format is getting a lot of attention,
andmany software vendors are implementing the standard.
This momentum can be used to exploit the widest possible
application of the format.
The following methodology has been proposed to achieve
this objective and is shown schematically in figure 1:

1. Information Request
To begin with, the required product information must be
collected using the IDS format. For this purpose, the fea-
tures of IDS are used as follows:

• The Applicability elucidates which components need
certain information and why. It specifically identifies
which components are affected and should be consid-
ered. In this section, additional facets can add more de-
tails to describe the components, and some settings can
be established as defaults. Additional design specifica-
tions could need to be set in advance during the planning
phase. A more detailed description of the affected com-
ponent could help identify it during the operating phase.

• The Requirement section further refines this by detail-
ing the exact nature of the information needed. This can
be an attribute according to the IFC schema or a user-
defined property, i.e., a property in a property set with
its required data type.

For the definition of the different pieces of information, a
special characteristic of IDS can be used to give more ro-
bustness and reliability to the whole process: Each piece
of information can be additionally provided with a URI,
which refers to an external resource, e.g., to the bSDD.
Similarly, other sources can be used as reference systems
for attributes and properties, such as the BIM Portal in
Germany (BIM Deutschland, 2023). The BIM Portal in
Germany, managed by BIM Deutschland as of 2023, func-
tions as a central resource for promoting BIM standards
and practices. It offers detailed guidelines, best practices,
and tools to streamline BIM adoption, supporting govern-
mental and industry-wide efforts to enhance interoperabil-
ity and efficiency in construction projects through digiti-
zation. In this way, a reference to a source can be estab-
lished, which can be used for a common understanding of
the same information if required. This could involve map-
ping to national classifications, UniversalTypes, and other
standards recorded in the bSDD or any other source of in-
formation. An example of an IDS capturing requested in-
formation for external doors is shown in figure 2.
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1 <ids>
2 <specification name=”Example for doors” description=”Requesting Door Properties” ifcVersion=”IFC2X3 IFC4”>
3 <applicability>
4 <entity name=”IfcDoor”/>
5 <property name=”IsExternal” datatype=”IfcBoolean” value=”TRUE” propertySet=”Pset_WallCommon”/>
6 </applicability>
7 <requirements>
8 <property propertySet=”Pset_DoorCommon” name=”AcousticRating”

uri=”https://identifier.buildingsmart.org/uri/buildingsmart/ifc/4.3/prop/AcousticRating”/>↪→

9 <property propertySet=”Pset_DoorCommon” name=”FireRating”
uri=”https://identifier.buildingsmart.org/uri/.../Pset_DoorCommon/FireRating”/>↪→

10 <property propertySet=”Pset_DoorCommon” name=”DurabilityRating”
uri=”https://identifier.buildingsmart.org/uri/.../Pset_DoorCommon/DurabilityRating”/>↪→

11 <property name=”Türschließerfunktionen”
uri=”https://identifier.buildingsmart.org/uri/promaterial/universaltypes/1.0/prop/ST08-HODV”>↪→

12 <propertySet>
13 <xs:restriction base=”xs:string”>
14 <xs:pattern value=”.” />
15 </xs:restriction>
16 </propertySet>
17 </property>
18 <property name=”Türflügelbreite”

uri=”https://identifier.buildingsmart.org/uri/promaterial/universaltypes/1.0/prop/ST05-WWDO”>↪→

19 <propertySet>
20 <xs:restriction base=”xs:string”>
21 <xs:pattern value=”.” />
22 </xs:restriction>
23 </propertySet>
24 </property>
25 </requirements>
26 </specification>
27 </ids>

Figure 2: Example IDS file containing an information request for product manufacturer data for doors - for illustration purposes, the
IDS has been greatly simplified and can therefore not be directly used as such

This formulated IDS can now be used as an information
request and, as such, be sent to one or more informa-
tion providers - i.e., product manufacturers eligible to de-
liver the requested information. This can happen precisely
when the information is imperative, for instance, during
the tendering phase.

2. Information Provision
Upon receiving the IDS-based query, a manufacturer deci-
phers the request, mapping it to their specific product spec-
ifications. The bSDD and, where needed, other standards
like UniversalTypes aid this mapping. By doing so, the
manufacturer can access its databases, where the most re-
cent and reliable data about products is maintained. This
prevents inconsistent or outdated data from being returned,
and no middleman is required, which is a great help re-
garding liability issues. Subsequently, the manufacturer
responds with the solicited information formatted in IDS.
This returned IDS, while preserving its original format,
now contains the values for each piece of requested data.
The planner, upon receiving the populated IDS along with
the requirement specifications, has two potential courses

of action:
• Manually incorporate the provided data. Given that the
IDS already dictates applicability, the planner is guided
on where to position the product data.

• Opt for a fully automated data integration in the model.

Using the BCF API Standard to foster the workflow
Applying the BCFAPI specification, as outlined by (build-
ingSMART International, 2023a), is recommended to fa-
cilitate prompt data exchange. Particularly, the BIMsnip-
pet object within the BCF API framework is optimally
designed for exchanging subsets of information, utilizing
a harmonized schema. Particularly, the BIMsnippet ob-
ject within the BCF API framework is optimally designed
for exchanging subsets of information, utilizing a harmo-
nized schema. A BIM snippet is a partial model referenc-
ing a schema, ensuring structured standards for its con-
tent. The Information Delivery Specification (IDS) XML
schema is integrated with our proposed methodology. The
IDSXML schema is integrated with our proposedmethod-
ology. Moreover, the pertinent attributes defined in the
BCF standard are selectively employed for initiating and
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Figure 3: Schematic representation for the use of the BIMSnippet object for the BCF API for the mapping of the data request (left) and
the data provision (right)

fulfilling data requests. Figure 3 illustrates the founda-
tional principle for requesting and providing entities. The
widespread adoption of the BCF API across software ven-
dors significantly attests to its efficacy in streamlining
this workflow. By employing this proposed workflow, a
product manufacturer can establish a BCF API server as
an access point for stakeholders seeking information. In
this process, an information requester initiates a new BCF
topic, embedding the request details as IDS within the
BIMSnippet objects. Conversely, the supplier responds
to the request by filling the same BCF topic with a BIM-
Snippet object that holds the information provision as IDS.
This way, the request workflow can be largely automated
and scaled if needed.
As an example, if multiple manufacturers are queried si-
multaneously via the BCF API, a mechanism for multiple
suggestions could be conceived. This would allow plan-
ners to receive and compare various data samples simulta-
neously. Based on this comparison, the planner could de-
cide what product to choose. To confirm that all data have
been received and entered in the model as required, it can
be checked very easily with the original IDS that was used
for the request at the beginning - according to the original
purpose of IDS, it also serves for model checking and can
also be used for this purpose.
Adopting this methodology is anticipated to engender a
more seamless and efficient data exchange within the
AECO sector, thereby enhancing collaborative efforts and
augmenting the quality of project outcomes.

Test Case: Requesting manufacturer proper-
ties of a door
To test the viability of our proposed approach in a simple
test use case, we set up a common use case together with a
manufacturer of door products as it is often encountered in
practice: The correct specification of doors is a crucial el-
ement to ensure safe, user-friendly, and efficient buildings.
At this, the key factor is the correct definition of require-
ments at each door alignedwith local standards and regula-
tions. Architects and planners often lack the knowledge to

do this properly and are often exposed to the risk of miss-
ing important security-related features. The process pro-
posed in this paper helps to enhance this task. In collabora-
tion with the door manufacturer, we used our framework
so that a planner generates a specification request (IDS)
containing the requirement definitions, formulating a typ-
ical information request for a set of doors, mirroring com-
mon industry practices. The receiver is a domain special-
ist who adds the specific values to the request and sends
it back to the architect. This roundtrip is repeated along
the planning stages multiple times with different require-
ments, data, and stakeholders. The requested and transmit-
ted response information from the product manufacturer
is shown here in Table 1, together with the URI for the
mapped source, e.g. bSDD:

Table 1: IDS Exchange for Door Specification with iterative
planner and manufacturer responses, including URIs

Information URI Responses
FireResistanceClass  T30
EscapeRoute  RW DIN 179
BarrierFree  True
DoorOperation  A (Automatic)
PassageWidthMin  900mm

The resulting IDS files for information request and pro-
vision are shown in Figure 4 - to enhance understanding
further, it is shown as a graph-based illustration.

Conclusions & Outlook
The proposed method of utilizing IDS alongside bSDD
and other data dictionaries presents a novel pathway to-
ward overcoming the long-standing challenge of standard-
ized product data provision within the AECO industry.
This approach promises enhanced data accuracy and avail-
ability and fosters a collaborative ecosystem among the
various stakeholders, driving the industry toward a more
integrated and efficient future.
Building upon the presented research, several avenues
emerge for further investigation:
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Figure 4: graph-based representation of a (left) query and a (right) response based on IDS-XML

Industry Adoption Analysis: Investigating the barriers
to, and facilitators of, widespread adoption of this stan-
dardized data provision method within the AECO indus-
try.

Integration with Existing Systems: Exploring this
method’s compatibility and integration possibilities
with existing industry data management and project
management tools.

Exploratory Prototype Development: In our study, we
have outlined a conceptual framework designed to stan-
dardize and streamline product data exchange within the
AECO industry. Moving forward, the next phase of our
research will focus on evolving this conceptual frame-
work into a more tangible model that can be rigorously
tested and validated. This will involve developing an
initial prototype for a broader spectrum of product data
queries and processes. The prototype will be designed
to demonstrate the practical applicability of our frame-
work in real-world scenarios, allowing us to assess its
effectiveness and make iterative improvements based on
feedback from industry stakeholders. This progression
from a conceptual framework to a prototype is crucial for
bridging the gap between theoretical research and prac-
tical implementation. It will provide valuable insights
into the challenges and opportunities associated with de-
ploying such a system on a larger scale, thus paving the
way for widespread adoption in the industry.

Limitations and Future Research Directions
While our current framework focuses primarily on model-
based workflows typical of the AECO industry, a signifi-
cant portion of the sector still operates without such mod-
els, particularly inmanaging existing, non-digitized assets.
Given this gap, an important question for future research
arises: how can the framework we propose be adapted
to support non-model-based workflows effectively? This
question is crucial as it aims to extend the benefits of stan-
dardized product data exchange to broader contexts within
the industry, ensuring inclusiveness and broad applicabil-
ity. Answering this question involves exploring methods
to generalize the principles of our framework to support

workflows that do not rely on structured digital models,
thus expanding the scope of its utility and impact.
Additionally, it is important to note that the current imple-
mentation of IDS is limited to alphanumeric information
exchanges and does not support the transfer of geometric
data. While this is acceptable as an initial step, further in-
vestigation is needed since some product information ex-
change might also rely on geometric data, not just charac-
teristics.
This endeavor lays the groundwork for a series of poten-
tial advancements in addressing the product data provision
challenge, pushing the frontier of informationmanagement
within the AECO domain.
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Abstract
Contract risk identification is essential for preventing
disputes and losses in construction industry. Large
language models (LLMs) have impacted various natural
language processing tasks, offering a promising avenue
for automating contract review without extensive data
processing and feature engineering. However, LLMs still
has difficulty in recalling facts while generating
knowledge-grounded analysis, especially when related to
complex domain knowledge. This paper introduces a
Knowledge Graph (KG) modeling approach to enhance
the LLM-based automated contract risk identification. A
case study demonstrates that our approach exhibits
enhanced performance on risk identification tasks
compared to non-augmentation scenario.

Introduction
Legal issues, such as disputes, claims, and litigation,
frequently occur in construction industry, due to the
growing size and complexity of construction projects.
The use of natural language in contracts has been
identified as the leading cause of such issues (Zait &
Zarour, 2018). Specifically, semantic vagueness and
ambiguities in contracts can lead to disagreements and
misunderstandings between parties, resulting in conflicts
or disputes (Mahfouz et al., 2018).
Natural Language Processing (NLP) techniques offers a
promising tool to automate contract text processing, thus
reducing human errors and increase efficiency. NLP has
demonstrated its potential in various automated text
processing tasks within the construction industry,
including automated contract reviewing (Lee et al., 2020),
automated compliance checking (Salama & El-Gohary,
2016) and similar case retrieval (Zou et al., 2017). These
techniques can be broadly categorized into rule-based,
machine learning-based and deep learning-based methods.
However, two limitations have been frequently
highlighted in the current literature. First, existing
methods rely on sufficient high-quality annotated data to
perform the domain-specific tasks, which is highly data-
dependent and lack in scalability. Second, current
approaches are facing the criticism of only predicting
fragmented risk labels without an interpretable risk
reasoning.

To mitigate the aforementioned problems, researchers
have proposed using large language models trained on a
massive amount of unstructured data to facilitate the legal
and contractual reasoning tasks. For example, LLMs
have begun to reshape the practice of legal services
among professionals (Fernandez, 2023). Many argues
that the model’s ability to learn new tasks from limited
data would significantly reduce the human labor in data
annotating and feature engineering. However, it still
faces many challenges when adapting LLMs to
downstream contract risk reasoning. They may struggle
with domain-specific knowledge and may not be able to
provide explanations from expert perspective, along with
factual errors.
Existing works have shown that retrieving structured
triple-formed knowledge from KGs can significantly
improve LLM’s performance on knowledge-intensive
reasoning. KG is a data structure designed to accumulate
and represent real-world knowledge, where nodes
represent entities of interest and whose edges represent
various relations between these entities (Hogan et al.,
2021). The explicit knowledge representation of KGs can
be provided as external knowledge to guide LLMs
towards more robust and interpretable knowledge
reasoning process (Yang et al., 2024).
Motivated by the identified challenges and existing KG-
augmented LLMs solutions, this paper proposes a nested
knowledge graph (KG)-enhanced LLM method for
automated contract risk identification. A comprehensive
framework of developing the ontological layer and
instance layer of contract KG is introduced. The nested
KG can capture the intricate and interconnected relation
within contract clauses, which provide structured and
accurate external knowledge for LLMs. Our approach
shows improved interpretability of the generated content,
and also sheds a light on the integration of LLMs and
KGs in automated contract review systems and other
knowledge-intensive domain reasoning tasks.

Literature Review
NLP-assisted contract management and the role of
prior knowledge
NLP techniques have been widely used in addressing
legal issues in construction projects (Hassan et al., 2021).
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In contract review, many researchers perform the
detection of requirement clauses or poisonous clauses.
Lee et al. (2019, 2020) use NLP and semantic syntactic
rules in both risk-prone clauses extraction and contractor-
friendly clauses detection, achieving the F-score of
81.8% and 80%. Machine learning-based NLP is
employed to detect risk-prone paragraphs in contract,
achieving an accuracy of 94% (Chakrabarti et al., 2018).
Additionally, many studies have also used machine
learning algorithms to classify contract clauses into
different categories to facilitate contract review process.
The categories include requirement or non-requirement
clauses, different categories of construction projects or
different categories of risks (Candaş & Tokdemir, 2022;
Hassan & Le, 2021).
Turning to automated regulation text processing,
automated compliance checking aims at detecting the
violation with construction laws or regulations. Semantic
text classification in unstructured provisions is the first
step to perform the automated compliance checking task
(Beach et al., 2020). Salama et al. (2016) used a hybrid
approach combining semantic analysis and machine
learning to classify clauses, achieving a recall of 100%.
Zhou and El-Gohary (2016) introduced a rule-based NLP
method to classify environmental requirements, alongside
a machine learning-based approach for regulatory codes
classification.
These studies reveal that NLP techniques have achieved a
promising performance in the contract document analysis.
However, owing to the unique and complex nature of
contract terminologies and semantic patterns, it is
difficult for generic NLP models to produce equally
reliable performance in construction contract domain
without a proper adaptation (Hassan et al., 2021). A few
recent studies have attempted to settle these issues by
integrating domain-knowledge into the NLP models with
the help of semantic representations such as taxonomy,
ontology and KG (Lee et al., 2019; Xu & Cai, 2019; J.
Zhang & El-Gohary, 2016). These studies have shown an
impressive performance, highlighting the importance of
integrating domain-knowledge in the future NLP-assisted
contract analysis.

Knowledge representation of domain knowledge and
the issue of complex knowledge modeling
Semantic web technologies enable the representation of
machine-readable data on the web (Kumar, 2019). It is
widely adopted in the Knowledge Representation (KR) of
domain knowledge by defining domain concepts,
enhancing domain information integration and
performing logical reasoning (Li et al., 2022). Ontology
is one of the fundamental concepts in semantic web
technology. It provides a conceptual model to describe a
set of concepts in a domain (S. Zhang et al., 2015). Many
researchers have developed construction domain
ontology for efficient knowledge management,
compliance checking, risks or conflicts detection (Zhong
et al., 2019; Z. Zhou et al., 2016).
Ontology can function as formal representation to create
knowledge graphs (KGs). Recent years, KG has been

appeared as a major trend in KR technique to serve many
industrial applications (Fang et al., 2020). It presents
knowledge in the form of labeled directed graph. Each
entity is considered as a node and they are linked via
edges which represent relations between entities. The
basic unit of KG can model binary semantics with RDF
triple (Duan et al., 2017).
In real world knowledge of many domains, especially
contract domain, there are always additional information
conveying conditional, temporal or provenance
information that are beyond the modeling ability of a
triple. Modeling and extracting such metadata are
beneficial for efficient domain knowledge management.
Semantic legal metadata extraction is also crucial for
interpreting legal provisions (Sleimi et al., 2019, 2021).
Data modeling solutions for RDF metadata include
standard reification, singleton property and RDF-star
(Hartig & Thompson, 2021). They are able to represent
additional contextual information attached to individual
triples (Orlandi et al., 2021). The metadata representation
in the graph structure have also been explored. Temporal
KG and event KG associate triples with time or site
hyper-edges, where an event triple is considered as a
semantic unit (Lv et al., 2022; Park et al., 2022).

Contract KG modeling approach
Motivated by the challenges of representing complex
knowledge in contract, we introduce the nested KG
framework. This framework defines a triple in knowledge
graphs as head and tail nodes connected by a relationship
edge, while allows nodes to appear as either a single node
or a fact node. A fact node is a nested entity which
contains a triple inside. This allows a triple to be treated
as a node, so that further constraints or statement can be
link to the triple. The symbolic definition of this
framework is given in Table 1. h, r, t denotes the head
entity, relation and tail entity respectively. E, F, R refers
to the collection of single entity, fact (nested entity) and
relation. Single entities and facts can be interlinked with
each other to form nested triples, namely entity-to-entity,
entity-to-fact and fact-to-fact triple.

Table 1: Definition of nested triples

By expanding the concept of entities and triples in
knowledge graphs to multi-layer nested structure, the
knowledge representation framework can capture deeper
semantics and interconnected facts. When dealing with
the complex relations in contract context such as
conditional, temporal and compound relations, our
framework is able to incorporate not only the scattered
concepts, but relations among the concepts.

Triple Definition
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Principally, the nested structure can be infinitely nested,
in order to represent more complex semantics. However,
it is important to note that there exists the trade-off
between expressivity and scalability of knowledge graph,
where the more complex nested layer will limit the graph
scalability.

Ontology layer development
In this section, a contract ontology based on the nested
knowledge graph framework is developed to represent
contractual knowledge. As shown in Figure 1, the
ontology provides a hierarchical conceptual schema for
modeling contract semantics.

The core entities in the ontological layer of nested
contract knowledge graph contains “Contract_actor”,
“Contract_object”, “Property” and “Constraint”.
“Contract_actor” and “Contract_object” class can be
joined by the “hasActionTo” relation to form the basic
“Event” class fact: <Contract_actor, hasActionTo,
Contract_object>. For example, <Contractor, submit,
Programme> is an instance of “Event” class, and more
specifically, it is under the “Submission” subclass.
Similarly, the description of the property of certain
product is called a “Statement”. The fact <Programme,
hasProperty, isNotIdentified> is an instance of
“Statement” class.
In the contract clauses, a “Event” always has many
constraints. The “Constraint” class can be attached to the
“Event” class as <Event, hasConstraint, Constraint>. In
real instances, the relation and tail entity should be
replaced by specific constraint types such as <Event,
hasTimeConstraint, beforeCompletionDate>. Finally, we
have the “hasContractualRelation” edge to connect a
Event and a Statement, or connect two Events. The

contractual relations can either be conditional relations or
temporal relations in the contract. Based on this, we can
extract the contract rules as, for example, <Statement, if-
then, Event> or <Event1, withinPeriodOf, Event2>.

Instance layer extraction
For representing the contract knowledge graph instances,
RDF-star language is chosen for its efficiency in
representing nested data structures efficiently and directly,
without introducing redundant nodes.
Figure 2 illustrates the procedure of constructing nested
knowledge graph from sample construction contract

clause. First, entity extraction is performed by linking the
identified entities to the predefined ontology classes. For
example, “Contractor” and “Project Manager” belongs to
Party class, while “Proposal” belongs to Document class.
Accordingly, two Fact is recognized as (Contractor, make,
Proposal) and (Project Manager, accept, Proposal),
denoting two events in the contract. Finally, temporal
relation “within two weeks of” is used to link the two
facts and form the knowledge representation. The final
RDF-star representation is shown in the rectangular box.
Following the ontology and construction workflow
defined above, we can also develop automated approach
to facilitate the knowledge graph construction. Given the
in-context learning ability of LLMs, recent studies
proposed using ontology prompting to generate
structured knowledge representation. Motivated by such
efforts, our instance development method adopts a semi-
automated construction following knowledge

Figure 1: Ontological layer of nested contract KG
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representation from unstructured text1. This can reduce
the intensive human efforts from constructing a
knowledge graph to an acceptable level of manual
intervention.

Figure 2: Schematic diagram of constructing nested KG from
contract

Nested Contract KG query
The nested contract KG query allows the entity-level
knowledge retrieval from the constructed domain
knowledge database. This section will briefly introduce
the construction of domain knowledge base and the
contract knowledge query. The ontological layer of
contract KG was created in Protégé, and the instance
layer was stored in RDF-star language as a turtle file. The
classes and instances were then imported into graph
database such as GraphDB or Neo4j. Therefore, the
query can be performed through SPARQL or Cypher
language.
In practice, standard form of construction contracts
(SFCCs) serves as a standard for regulating the
responsibility and roles for stakeholders. They are the
important knowledge for understanding and reviewing
the contracts. We present sample queries of the SFCC
KG as in Figure 3. In the first query in (a), contractor
may want to know all of the time constraints for
submitting documents. Through graph database, the
documents and corresponding time period for submitting
will be returned both in RDF and graph view. We can
also explore interlinked concepts in the graph database.
As shown in (b), we can perform a more complex query
related to conditional relation of two “Event” class. A
triple will be retrieved to indicate what a party should do
in this case.

1 https://bratanic-tomaz.medium.com/constructing-knowledge-
graphs-from-text-using-openai-functions-096a6d010c17

Figure 3: Demonstration of query in contract KG

Augmenting LLMs with contract KG on
automated contract review
In this section, we propose the overall framework to
integrate nested knowledge graph in automated contract
review using natural language prompting.
Figure 4 illustrate our contract KG-enhanced LLM
contract review framework. The aim is to retrieve
external knowledge in the nested contract KG for
augmenting contract analysis task. Given a contract
clause c, a set of natural language query Q = {q1, q2, …,
qn} will be generated, and subsequently transformed into
SPARQL query S = { s1, s2, …, sn }. External explicit
knowledge K = { k1, k2, …, km }will be retrieved in RDF-
star format and feed back to LLMs. The final prompt P =
{r|c, k} is designed to generate corresponding risk
analysis result with the initial contract clause input and
the retrieved knowledge.

Figure 4: Contract KG-augmented LLM contract review
pipeline

Specifically, in the first query generation stage, the
language model is prompted to analyze the review task
and output relevant queries based on the given contract
clauses. The prompt is designed for asking the questions
such as “What terms in this clause need further
clarification?” and “What knowledge about the clause is
required to determine the risk?”. The output should be
querying property of certain terms, constraints of contract
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events as external knowledge of the contract context. In
this stage, we aim to stimulate the in-context learning
ability of LLMs for identifying what external knowledge
is needed in the context, to bridge the knowledge gap
with experts. In the query transformation stage, the
natural language to SPARQL query translation requires
LLMs to map the concept in natural language query to
classes in the defined knowledge graph. Multi-hop query
can also be included in order to respond to the natural
language query. After the knowledge retrieval from
nested contract KG, the triple-formed knowledge and the
initial contract clause will be input for prompting LLMs
to generate the final result. This whole process performs
in a retrieval-augmented fashion, providing external
knowledge for the automated contract risk identification.

Case study
In this section, we validated our approach on contract
clauses collected from international construction projects.
The contract was thoroughly reviewed by contract
experts, and the sample clauses-review pair was given as
the gold standard, as shown in Table 2. The sample
clause was input for risk identification and analysis in the
standard LLM review (baseline) and KG-enhanced LLM
contract review pipeline (our method), respectively. In
the baseline setting, only contract clause was input for
LLMs to identify the potential risk, while our method
also provided the final output according to the process
described in Figure 5. The evaluation process was
manually conducted by domain experts, measuring both
the risk label and the accuracy of the risk analysis.
The baseline output and the process of our approach is
shown in Table 3. All the content was generated using
gpt-3.5-turbo, which is a natural language understanding
and generating model provided by OpenAI2.

Table 2: Contract clause review case overview

Project clause& review demonstration

Contract clause: (a) Contract clause: The amount of the
Advance Payment shall be twenty five (25%) of the Supply
Price and shall be amortised proportionately against amounts
recovered through interim applications for payment throughout
the progress of the Supply, starting with the first Interim
Payment after the Order Date. The currency shall be the same
as the Supply Price.
(b) The Employer shall pay the Advance Payment after: (i)
receiving the Performance Bond in accordance with Clause
4.3(b), and (ii) receiving the Advance Payment Guarantee in
accordance with Clause 4.3(b), provided, however, the Advance
Payment shall be made within fifteen (15) days of the later of
(i) and (ii).
(c) The Supplier shall ensure that the Advance Payment
Guarantee is valid and enforceable until the entire Advance
Payment has been adjusted by the Supplier, but its amount shall
be progressively reduced by the amount adjusted through
proportional deductions from Interim Payment amounts paid for
the Equipment under Clause 11.5 (Schedule of Payments) …

2 https://platform.openai.com/docs/models/overview

Risk review: No risk. The amount of Advance Payment is
quite generous to the Contractor, which is much higher than the
common practice of 10%. Requiring Performance Bond or
Advance Payment Guarantee prior to paying the Advance
Payment is reasonable practice to protect the interest of the
Employer. The requirements for proportional deductions from
Interim Payment and validity period are also common practice,
which reminds the Contractor of updating the guarantee if
necessary. It would be better if the contract could stipulate the
Contractor’s right when the release of the Advance Payment is
delayed by the Employer.

Table 3: Knowledge-enhanced LLM contract review

Automated risk analysis demonstration

Baseline output
Risk. The clause introduces financial risk for the Contractor
because the Advance Payment is tied to the provision of a
Performance Bond and an Advance Payment Guarantee, which
can be costly and administratively burdensome. Additionally,
the Advance Payment must be repaid through deductions from
interim payments, which could affect the Contractor's cash
flow. The obligation to maintain the Advance Payment
Guarantee until the Advance Payment is fully adjusted adds
further financial strain and administrative responsibility on the
Contractor.
Natural language query
Explain Advance Payment Guarantee. [Q1]
What is the condition of making advance payment? [Q2]
SPARQL query
Q1:
SELECT ?p ?actor1
WHERE{
ckg: advancePaymentGuarantee ckg:hasProperty ?p .
?actor1 ckg:submit ckg: advancePaymentGuarantee}
Q2:
SELECT ?actor2 ?c1 ?c2 WHERE{
BIND (<<?actor2 ckg:make ckg:advancePayment >> AS ?e)
?e ckg:hasTemporalConstraint ?c1 .
?e ckg:hasConditionalConstraint ?c2}
Retrieved knowledge from nested KG
A1:
ckg: Employ ckg:submit ckg: advancePaymentGuarantee .
ckg: advancePaymentGuarantee ckg:hasProperty ckg:
amountequalToAdvancePayment .
ckg: advancePaymentGuarantee ckg:hasProperty ckg:
currencyequalToAdvancePayment .
A2:
<<ckg: Employer ckg:receive ckg:PerformanceBond_and_
advancePaymentGuarantee >> ckg:within14days << ckg:
Employer ckg:make ckg:advancePayment>>

KG-augmented output
No risk. The clause matches the standard provision regarding
the advance payment being conditional on receiving the
Performance Bond and Advance Payment Guarantee. The
payment timeline of 15 days, as opposed to 14 in the standard
form, is slightly longer but does not significantly alter the
contractor's obligations or risks. The requirement for the
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Advance Payment Guarantee to be valid until the advance is
fully adjusted is also standard, ensuring the employer's risk is
mitigated without imposing unbalanced obligations on the
contractor.

As shown in Table 3, the baseline output using standard
prompting stated that the contractual risk lies in the
precondition of providing performance bond and advance
payment guarantee before advance payment, posing an
unbalnaced obligation to the contractor. However, it is an
unfounded claim as employer make payment based on
receiving advance payment guarantee. Such hallucination
arises due to the absence of knowledge related to relevant
contract terms and provisions. In the retrieval process, the
regulation of advance payment guarantee and constraints
of making advance payment was retrieved as the standard
provision. After knowledge-augmentation, the model
answers “No risk”, with an explanation that objectively
analyze the contract provision in comparison to the
standard provision. The answer aligns with the expert
review and showcases a more coherent and interpretable
reasoning in the perspective of a contract expert.

Discussion
In this paper, we introduce the automated contract review
method enhanced with contract knowledge graph. This
method suggests integrating LLMs and KG to achieve a
more interpretable and trustworthy automated contract
review process. Although it is a feasible solution, there
are some unsolved challenges and future promising
directions that we would like to discuss here.
Firstly, there are also other approaches to augment LLMs,
such as retrieving knowledge from websites and tools.
They can enhance LLMs with real-time information or
mathematics ability, which can be combined with domain
knowledge graph for comprehensive knowledge
augmentation.
Secondly, the current process is conducted semi-
automatically, while further study is required for higher
level and more accurate automation of ontology
construction and query mapping. This might involve
ontology learning and searching for the relevant
reasoning path in KGs. It is noted that although
achievements have been made in ontology extraction,
current methods still struggle with complex multi-layer
extraction, making human intervention for nested
knowledge graph construction inevitable at the moment.
The trade-off between expressivity and scalability should
also be considered. More accurate and comprehensive
knowledge representation comes with higher human
intervention.
Thirdly, the current evaluation metrics does not
consistently align with expert evaluations concerning the
accuracy and coherence of risk reasoning output. This is
because the existing benchmarks focus on the tasks
where model learn by fine-tuning on task-specific data.
Under the LLM era, constructing a benchmarks for
construction contract risk analysis will be of great
importance.

Conclusion
This paper presents a novel framework for augmenting
large language models with structured domain knowledge
to improve automated contract risk identification. A
knowledge graph modeling approach is developed to
capture the complex and interconnected relationships
within contracts, along with the contract ontology and
RDF-star representation. A framework that integrates
knowledge from knowledge graph into the LLM
reasoning pipeline using natural language prompting is
also proposed. The case study demonstrates improved
performance with our knowledge augmentation method
on automated contract risk identification task.
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Abstract
Sustainability is a large driving factor in today’s society.
This work focuses on assessing aspects contributing to the
social sustainability of buildings. Social aspects encom-
pass, for example, well-being and the building’s impact on
the occupants regarding qualities such as air quality, visual
and thermal comfort, and privacy among others.
We introduce “ProFormalize”, a formalization frame-
work, for capturing the structure of design arguments re-
garding social intentions. Moreover, presenting the for-
malization of design intentions and activities obtained
through case-study focused interviews. In addition, the or-
ganization and formalization of design arguments are pre-
sented as preparation for software implementation.

Introduction
Building designs are often full of intentions and visions for
how the building should be experienced and perceived by
its users. These intentions are typically tied together with
the physical aspects of the building in the form of different
design choices. Examples of this can be that building users
feel at home and relaxed in specific areas of the building
because the area contains lounge furniture of good quality,
or the building users feel a sense of ownership towards the
building because they feel that the used decorations and
artworks represent them. These intentions are introduced
by different stakeholders through the design phases, based
on the different perspectives added by stakeholders to the
project (Entwistle, 2022). Throughout the changing stages
of the building design process, the responsibility shifts be-
tween stakeholders (Säwén, 2023), which often leads to the
risk of losing design intentions due to different stakehold-
ers’ focuses, and that these intentions are often implicit and
not explicitly stated in the project documentation.
To effectively address this problem, we present the initial
work of developing a formalization framework for design
intentions regarding social aspects. The twomain research
questions in this work are:

RQ1 How can socially-oriented design arguments be
captured in the digital representation of buildings?

RQ2 How can socially-oriented design arguments be
represented in a way that prepares such kind of data
to be implemented in software?

To address these questions, we present the first proof of
concept of our framework, and the main contributions are:

C1 Setting up the overall workflow of our formaliza-
tion framework “ProFormalize” in the form of four
activity stages (elicitation, organization, formaliza-
tion and implementation), and the corresponding
output of each stage. This contribution is presented
in “The formalization framework - ProFormalize”
Section, and it addresses RQ1.

C2 Formalization of a selection of socially-oriented
design arguments and presenting them in the form
of First-Order-Logic (FOL) formulas and Abstract
Syntax Trees (ASTs) in order to be used in further
software implementation. This contribution is pre-
sented in “Analysis of case studies” Section, and it
addresses RQ2.

Background
Sustainability is a large driving force in today’s society and
is influencing decisions and practices across numerous in-
dustries. One of these industries is building and construc-
tion, where sustainability is commonly addressed based
on a large range of building certification systems (Jensen
et al., 2018). Existing building certification systems con-
sist of varying criteria, which are related to each of the
three pillars of sustainability: environmental, economic
and social sustainability (Jensen et al., 2018).
Out of these three pillars, the social pillar is the least devel-
oped and the most vaguely defined (Bebbington and Dil-
lard (2009); Boström (2012); Kristoffersen et al. (2024)).
The existing definitions and approaches towards social
sustainability do not offer neither a widely accepted def-
inition nor a universally accepted list of included aspects
(Bebbington and Dillard (2009); Boström (2012); Kristof-
fersen et al. (2024)).
However, through our recent extensive survey on social
sustainability, we have determined that there exists an
agreement that social sustainability is focused on humans,
and that definitions often include aspects such as, but not
limited to, the forming of social networks, health, safety
and justice (Kristoffersen et al. (2024)). This lack of a
commonly agreed-upon definition can lead to a hollow
shell concept of social sustainability due to its large adapt-
ability to different contexts.
Instead of using the term social sustainability, it has been
proposed to use the term social values followed by the
specification of which exact value and to whom (Kristof-
fersen et al. (2024)). The research presented in this paper,
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therefore, embraces this word choice to describe the effects
on socially-oriented design intentions.
By doing that, we encourage a higher degree of trans-
parency towards what effects are experienced in a build-
ing, and thus avoid obscuring these effects within the con-
cept of improving social sustainability.

The formalization framework - ProFormalize
In this section we introduce our overall formalization
framework “ProFormalize”, and we explain the core pur-
pose of, and activities within, each stage, as well as how the
stages connect to each other. We give particular focus to
how we formalize socially-oriented design intentions fol-
lowing our so-called “three-level approach”.

Deriving the “anatomy” of architect arguments
A socially-oriented design intention argument represents a
design activity that is intended to evoke a certain feeling
of the occupants regarding their presence in the building
or to improve their experience and perception of a specific
social intention in that building.
This shows a causal logical relationship between “build-
ing elements” and “social intentions”, that is, the design
activity that architects decide to implement, influences
socially-oriented design intentions and contributes to the
occupants experience in the building. This relationship is
illustrated in Figure 1.
For example, “installing artwork in the workplace will in-
crease the sense of belonging to the workplace”. This is a
socially-oriented design intention argument. The underly-
ing structure of this argument can be derived as follows:
The argument addresses a specific social intention which
is the ultimate goal that the architect is trying to accom-
plish, that is, evoking a sense of belonging to the work-
place among building occupants. The other part of the
argument defines a design activity that is implemented in
order to achieve the mentioned socially-oriented design in-
tention, that is, installing artwork.
This anatomy of design arguments produces our ”three-
level argument structure”, which is a core foundation
of how we formalize socially-oriented architectural argu-
ments by making them unambiguous, precise, and explic-
itly integrated into the digital representation of buildings.
Through the three-level approach, we define three levels
of formalization; the goal level, the domain level and the
product level. This approach is inspired by the work of
Lauesen (2002), where the author introduced the goal-
design scale that consists of four levels of requirements:
the goal level, the domain level, the product level and the
design level.
In our work, we focus on social intentions in the context
of the built environment, that is among others, the set of
emotions, behaviors, functions and experiences that peo-
ple have in buildings.
The goal of this approach is to formalize the socially-
oriented design intention arguments of architects and other
early design stakeholders about the impact of different ar-

rangements of objects and building elements on the social
aspects experienced by building occupants.
Such aspects include sensory aspects (visibility, hearing,
etc.), behavioral (movement, functions, etc.), emotional
(excitement, privacy, inspiration, etc.).
We define the arguments of interest in our work as the argu-
ments that contain information about both social intentions
and the building elements used to affect them.
Consider the following arguments:

1. Installing LED lights in the working area would reduce
energy consumption.

2. Organizing regular meetings with the business owners
would increase the sense of belonging to the workplace.

3. Installing pieces of art in the workplace would increase
the sense of belonging to the workplace.

4. Organizing regularmeetingswith the ownerswould im-
prove business performance.

Based on the definition of arguments of interest in ourwork
we can classify the above arguments as follows:
The first argument contains information about a type of
building element (the LED lights) but the intended goal is
not related to a social aspect but rather environmental and
economical, hence this argument does not fit our formal-
ization approach.
The same is true for the second argument as well, where
the intended goal is related to social aspects, however the
way to achieve this goal is not related to the arrangement
of building elements.
The third argument is the one that fits our formalization ap-
proach. In this argument, the intended goal is to increase
the sense of belonging to the place, which is a social in-
tention, and the proposed way to achieve that, is to install
pieces of art, which are building elements.
The fourth argument does not fit our formalization ap-
proach, as it does not contain any information about how
a certain arrangement of building elements would achieve
a social intention.
From the above definition, there are at least two basic levels
of formalization that should exist for each design intention
argument. These two levels are the social intentions level
and the building elements level.
We use these two basic levels to form a reasonable way to
initiate the structure of our formalization approach. The
social intentions level is called the goal level, and the
building elements level is called the product level.

Figure 1: The causality between the two building blocks of the
basic structure of a design argument: social intentions and

building elements

This provides the basic structure of the formalization ap-
proach, that is to classify parts of the arguments into these
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two levels. The first one includes information about build-
ing elements such as walls, doors, slabs, lighting, art, fur-
niture, etc. The second one includes information about the
ultimate goal to be achieved which must be a social inten-
tion representing the feelings, emotions and behaviors of
building occupants.
We argue that there is an implicit reasoning between these
two basic levels of formalization, and we should introduce
an intermediate level. This would be the smallest number
of categories that we can work with in order to introduce
a universal formalization approach that can handle a wide
range of design intention arguments.
This intermediate level represents the stage between how
building elements are arranged and the emotional and the
behavioral experience is perceived by building occupants.
It explains how changes in the design and in the arrange-
ment of building elements will go through their senses and
impact their interaction with their surroundings.
For example, considering the third argument again, “in-
stalling pieces of art in the workplace would increase the
sense of belonging to the workplace”. It is not enough to
install pieces of art for the building occupants to have a
sense of belonging to the workplace. Although the argu-
ment fits the basic approach criteria, it is important to ex-
plain how installing this art would create this experience.
Where should the building occupant stand in the room to
see the art and be triggered by it? What if the building
occupant is visually impaired, does not that limit the area
of the room from which the art is visible?
These are valid questions, and they help explain the flow
of the design argument. Such questions and more are an-
swered with the addition of the third level, the domain
level, which has information about the sensory experience
of the occupant and the functional spaces in the building.
To summarize, the goal level contains information about
the social intention that is under consideration, and why
architects are implementing a certain design activity. The
domain level explains how the effect is going to be
achieved and the product level explainswhat building ele-
ments are being used and controlled to achieve the goal of
the socially-oriented design intention.

The workflow of ProFormalize
Figure 2 shows the four stages of the workflow and the cor-
responding output of each stage.
The work in this study is data-driven and case-study-
based. The cases are selected related to EU funded project
(Probono) of buildings located at Aarhus University Cam-
pus, and they are:

1. The Library basement.
2. The basement floor of the Molecular Biology Depart-

ment.
3. Human Resources Department.
4. Center of Education Development.
5. Institute of Advanced Studies.
6. University Startup Hub (The Kitchen 2.0).

In the following, the four stages of the framework from
Figure 2 are elaborated.
Stage (1) Elicitation of socially-oriented design intentions
from existing projects through semi-structured interviews.
The elicitation of design intentions was conducted through
semi-structured interviews with early-design stakeholders,
in this case, an architect who has been involved in the
six projects mentioned above. The interview was planned
based on the guidelines and insights by Robson and Mc-
Cartan (2016) as well as Kvale and Brinkmann (2015).
The interview was planned to have a narrative and anec-
dotal approach. This is done to encourage the interviewee
to focus on what has actually happened and been done and
not on what the interviewee wished for or would like to
have done (Blommaert and Jie, 2020).
The interviewer developed an interview guide and updated
herself on projects connected to the interviewee before the
interview was conducted. A generic excerpt from the in-
terview guide is presented in Table 1.
The approach utilised in practice in the interview has sim-
ilarities with an unstructured interview since the intervie-
wee was allowed to follow his train of thought and move
freely between talking about different building projects
and social intentions. In cases where the interviewee
strayed away from the focus point of the interview, the in-
terviewer utilised one of the prepared questions from the
interview guide to reestablish the focus of the interview.

Table 1: Interview Guide
Question type Question examples

Main
Questions

• Which building and design projects
have you been involved in?

• Can you tell me a bit about the thought
behind the project?

Elaborating
Questions

• What was the intention?
• How was the intention integrated into
the project?

• Has the intention been successful?
• Is the intention adding the expected
value to the building?

• Have you gotten any response from
the users?

The interview language was selected based on which lan-
guages the participants in the interview understand, and
which working language the early-design stakeholders use.
Whenever possible, the interviews were conducted in the
same language as the main working language of the inter-
viewee, to encourage the interviewee to use the phrases
which were included in the project during the early design
stages. The interview was recorded using a voice recorder
on the interviewer’s phone. This was done to let the in-
terviewer and interviewee focus on the dialogue without
slowing down or pausing the interview to take notes. The
recording was transcribed in the interview language, ei-
ther Danish or English, by first using Microsoft Word’s
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Figure 2: The workflow of ProFormalize

transcribe function, after which the interviewer edited the
transcript to remove the errors originating from the tran-
scription’s automation.
Stage (2) Organization of the design intention arguments
and sorting them out by identifying socially-oriented de-
sign intentions and their corresponding design activities
to achieve those intentions.
In this stage we categorized the transcription from the elic-
itation stage into items containing two parts: the socially-
oriented design intentions and the design activities.
This was done by following the four sub-stages: Identifi-
cation of intents, translation, systematization/ input of data
and validation.
The identification of intents was performed by reading the
transcribed interview, and marking when the interviewee
states a socially-oriented design intention or of an archi-
tectural or design-oriented decision. The essence or key
points of the intent were then translated into English by
the interviewer if the interview was conducted in Danish.
After this, the intention was added to the database of the
collected intentions, which is managed in an Excel sheet.
The database contains information about in which building
the intention was implemented, the activity used to imple-
ment the intent, in which interview the intent was identi-
fied, and a timestamp referring to when in the interview
the intent was mentioned. The references to which inter-
view and the timestamps were recorded to make a direct
connection between the database entries, the transcription
and the interview recording. The identified and translated
intents were sent for approval and review from the inter-
viewee to ensure that the English translation of the intent
represents and encompasses what the interviewee meant.
Stage (3) Formalization of the itemized design intention
arguments.
In this stage, architects design arguments were represented
explicitly, including the categories of targeted building oc-
cupants, their senses that the design activity is trying to
evoke and the surrounding environment or situation.
The core of this level is to systematically identify implicit
and ambiguous aspects of each design intention argument
and systematically decide how to disambiguate them.

In order to do that, each statement was manually translated
into first-order-logic formulas based on the three-level ap-
proach presented in “The formalization framework - Pro-
Formalize” Section. This makes particular aspects of the
argument explicit such as occupant sense-experience, the
surrounding environmental conditions, etc.), moreover,
natural language concepts are expressed as predicates and
terms, and combined into formal logical statements.
In addition, qualitative spatial prepositions are grounded
with definite interpretations that at the same time allow
architects to adjust them based on their reasoning.
Hence, this approach provides architects with a structured
form of building blocks to present their arguments in a
valid way and shows them what different terms they can
use in each level.
The three levels of formalization are defined as follows:
The goal level contains predicates about social intentions.
Those predicates refer to the aspects that affect the expe-
riences and the feelings of building occupants. The goal
level is the only level that can take such predicates, as it is
the level that represents the objective of the design activity
and describes the accurate intention behind that activity.
The domain level contains predicates about building oc-
cupants and their senses, this level takes predicates from
two major categories which are:

1. Spatial artefacts, those are regions of empty space that
contain important semantic value because they repre-
sent the space in which an object can be seen, heard,
used, etc. For example, the movement space of a room,
which is the space where people can move within a
room, or the visibility space and the hearing space of
humans, they refer to the region of empty space where
humans can see or hear the visual or acoustic effect of
a building element, respectively. (Bhatt et al. (2010)),
(Bhatt et al. (2012)).

2. Spatial prepositions, those are the terms that repre-
sent the direction, orientation, or position information
of spatial artefacts and building elements, such as in
front of, between, near, inside, directed at, etc.
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The product level contains predicates about building ele-
ments that are going to be used or arranged in a specific
way to affect a specific social intention.
Figure 3 demonstrates this structure and presents some ex-
amples of each predicate category.
Stage (4) Implementation of the formal design arguments
as Abstract Syntax Trees for software development.
In this final stage we performed a direct one-to-one transla-
tion from the formulas into first-order abstract syntax trees
to be used in software implementation.

Figure 3: Predicate rules of the three-level approach

Analysis of the case studies
In this section, we discuss in more detail the case study
that is the focus of this research, which originates from a
project conducted at the building housing the Department
of Molecular Biology at university campus (institution
name removed for blind review). The building houses stu-
dents, researchers and other university employees. Most
of the collected intents focus on how the students use and
feel in the building, since students are the primary users of
the areas which the interviewed architect has focused on.

Elicitation
The elicitation of socially-oriented design intentions has
been conducted through semi-structured interviews in ac-
cordance with the description of the Elicitation stage in the
Section “The Workflow of ProFormalize”. The intentions
were collected through three interviews over 14 months.
The interviewee in all the interviews was the same archi-
tect, who has been participating in the planning and im-
plementation of the intentions into the building. The first
two interviews were conducted in Danish as sit-down in-
terviews with only the architect and the main interviewer
participating. The third interview was conducted walking
through the Department of Molecular Biology at the uni-
versity, where the architect showed the building and the
activities tied to the socially-oriented design intentions.
The interviewwas conducted by the samemain interviewer
as the previous two, with a secondary interviewer joining
the interview with the goal of documenting design choices
through pictures and indications on a floor plan drawing.
The interview was conducted in English to accommodate
the secondary interviewer. The result of this stage forms
the basis for the identification, organisation and processing
through the following steps.

Organization
The organization of the data consists of identifying
socially-oriented design intentions in the transcribed inter-
view, and presenting the intentions in an organized manner
that can serve as a stage towards concertising the intents.
The dark red points on the floor plan shown in Figure 4 rep-
resent the locations of socially-oriented design intention
items which were collected through the on-site interview
and have been transcribed and organised. These points are
explained in Table 2 and presented in Figure 5.
The dark blue points on the floor plan represent the loca-
tions of socially-oriented design intention items that have
not been transcribed or organised yet, this includes wall art
(a and c), changing wall colours (b), and specific furniture
(d and e).

Figure 4: Floor plan of the basement of the molecular biology
building, showing locations of organised design intention items

(dark red) and the not yet organised items (dark blue)

Formalization
The three levels are represented as first-order-logic for-
mulas, this is explained through the following example of
a design intention argument about the case study of the
molecular biology building: “A delimited area of the base-
ment in the building is being equipped with real, one-of-a-
kind artworks, the intention with this space is to make an
area where the students feel inspired, and actually want to
be sitting”.
Based on the three-level approach we can classify the fol-
lowing parts of the argument as follows:

1. The social intention under consideration is “sense of
inspiration”, this represents the goal level. And this is
the intention behind the architect’s design decision.

2. The way to achieve the goal is to place the artworks in
the area to be visible by the students, this represents the
domain level.
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Table 2: Items of design intentions and design activities

Id Socially-oriented design intention Design Activity

DI1
The art is growing and developing when you look
at it and creating a space where the students feel in-
spired and actively want to sit.

Installing art consisting of four lamps emitting different
light of different temperatures and intensities.

DI2 Creating an area where the students actively want to
sit.

Installing a sofa that is adapted to the room size, taking
accessibility into consideration.

DI3 Creating an area where the students actively want to
sit.

Installing sockets on the sofa which are directly integrated
through a conscious design choice in the sofa.

DI4 Creating a subspace within a larger area and provid-
ing a feeling of coziness.

Using high contrast colors of the sofa and the wall between
the general area and the subspace.

DI5 Draw attention and encourage mobility and inspira-
tion to explore the building. Painting a line of color wrapped around the corner.

DI6 Draw attention and encourage mobility and inspira-
tion to explore the building. Installing a contrasting color expanding into the hallway.

3. The building elements that are under consideration are
the “artworks”, they represent the product level.

The goal level formula: increasing their sense of inspira-
tion of the occupant P in room R:

sense_o f_inspiration(P,R)

The domain level formula: the occupant P must be inside
the visible space of the artwork A to see it:

occupant(P)∧ inside(P,visible_space(A))

The product level formula: using artwork A in room R:

art(A)∧ room(R)∧use_art(A,R)

As our approach is based on case studies of actual build-
ings, this approach is under constant development and
there might be a need to add more levels to achieve a dif-
ferent level of detail, but for the current moment, as it is
unnecessary to add more levels, we use this three-level ap-
proach, and we could represent different design arguments
in a reasonable way.
In the previous example, 6 predicates and 1 function have
been used, this is explained as follows:

1. A predicate named “art” is used to define an artwork as
a building element. It takes 1 argument, which is the
variable representing the artwork.

2. A predicate named “room” is used to define a room in
the building. It takes 1 argument, which is the variable
representing the room.

3. A predicate named “use_art” is used to specify which
art piece is used where. It takes 2 arguments, the first is
the piece of artwork, and the second is the place where
this art is installed.

4. A predicate named ”occupant” is used to define a gen-
eral building occupant. It takes 1 argument, which is
the occupant.

5. A predicate named “inside” is used as a spatial prepo-
sition to describe that an element is inside a specific
space. It takes 2 arguments, the first is the element itself
and the second is the space that the element is inside.

6. A function named “visible_space” is used to represent
the space from which a specific element is visible. It
takes 1 argument, which is the element for which the
visible space is needed.

7. A predicate named “sense_of_inspiration” is used to
describe that an occupant has a sense of inspiration re-
garding a specific building element. It takes 2 argu-
ments, the first is the occupant and the second is the
building element.

There is also a term named “Var” that takes one argument
only and it is used to represent a building element or an
occupant as variables.

Implementation

In the implementation stage, we transform the formalized
first-order-logic formulas into abstract syntax trees as a
preparation for the software stage. In the abstract syntax
tree representation, there are the following elements:

1. Logical expressions, that evaluate to either true or
false. This includes logical operators (and, or, not) and
predicates (Pred).

2. Terms, that includes functions (Func) that is applied to
other terms and they evaluate to a new term, and vari-
ables (Var) that are used to represent different terms.
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Figure 5: Images demonstrating the design intention arguments
illustrated in Table 2

The following is an example of the abstract syntax tree of
the domain level:

Discussion and conclusions
In this paper we presented the initial stage of ”ProFor-
malize”, a formalization framework to capture socially-
oriented design intentions in buildings.
The underlying structure behind architects socially-
oriented design intention arguments was derived and the
three-level structure was presented.
In the subsequent phase of this work, the implementation
stage of the proposed frameworkwill be further developed.
One potential service that this framework provides is to
query about socially-oriented design intentions that are re-
lated to specific building elements, and vice versa.
Figure 6 shows a floor plan of the basement floor of the
molecular biology department highlighting a selected path

that an occupant might take to reach their working area.
Along the shown path, the occupant passes through sev-
eral locations where architects have implemented certain
design activities using various building elements in order
to improve or add a specific feeling or experience.
For example, in design intention (DI5), the architect argue
that painting a line of color around the corner will draw at-
tention and encourage occupants tomove around the build-
ing and explore it. This location is highlighted with the
blue point with coordinates (13,3) in the floor plan.

Figure 6: The floor plan of the basement of the molecular
biology department, showing a selected walking path of a

building occupant and the location of DI5

As an implementation of the framework, the following
query example is presented:

The predicate “relation” is referring to the relationship be-
tween building elements and design intentions. The goal
of this query is to list the building elements that are used to
achieve design intention 5 (DI5), those elements are listed
using their unique ids as (wall3265) and (paint4873).
Another query example is to list the design intention items
that are affected by a specific building element.
The following query lists the design intention items that
are affected by the sofa with the unique id (sofa0012).

In addition, the user can query about the design intentions
that will be experienced according to the argument.
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For example, the path shown in Figure 6 is defined as the
line segments connecting the set of 2D points:
Path = [(0,0),(10,1),(10,3),(13,3),(13,5)], then the follow-
ing query can be implemented:

The “social_intention” predicate takes two arguments, one
is the selected path represented as the set of points and the
second argument represents the design intentions that are
located along the path.
The output of the predicate will be a list of elements, where
each element contains a point, a social intention repre-
sented using the “social_intention” predicate, and the de-
sign intention represented using the “id” predicate.
This provides architects a way to find out which building
elements affect a specific socially-oriented design inten-
tion, and reduces the risk of losing some intentions when
changing the use or arrangement of the building elements
through different phases of the design process.
Additional querying servicesmight also include the visual-
ization of the functional space of certain equipment or ser-
vice areas such as printing facilities, storage rooms, work-
ing stations, among others. This space represents the area
from which this equipment or service zone can be used
safely, efficiently, privately, etc.
This framework was developed based on case studies of
actual buildings that are mainly used by students or em-
ployees of an educational institution. Further applicability
of this framework include governmental buildings (e.g.,
offices) and the scale of applications could be expanded
to cover multiple buildings located in a close area up to a
neighborhood.
The main limitation of this work was the limited amount
of collected socially-oriented design arguments. As part of
the future work, more locations are planned to be visited
and more interviews are planned to be conducted with ar-
chitects who are working on relevant projects concerning
the addition or improvement of social criteria in buildings.
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Abstract
Integrating building performance analysis and life cycle
assessment in design requires accurate material databases
interfacing different analysis engines. However, mappings
of databases developed for different purposes are missing.
We evaluate whether beyond material name or ID, density
can be used as a mapping parameter between environmen-
tal, energy, daylight, and structural databases in two cases
in Switzerland and Sweden. In total, 16 out of 19 materi-
als could be confidently mapped based on the information
available. The variability of the mapping parameter, den-
sity, was±15% for structural materials, and up to 64% for
insulation materials. The lasting contribution of this work
is a consistent methodology for mapping between material
databases.

Introduction
To deal with the major environmental impact of the con-
struction industry, the life cycle impact of buildings needs
to be considered and reduced during their design (Röck
et al., 2020). This needs to be done without overlook-
ing the functional performance of the buildings (Khosh-
nava et al., 2020). This calls for the integration of envi-
ronmental Life Cycle Assessment (LCA) and functional
Building Performance Analysis (BPA), including struc-
tural analysis, approaches into holistic assessment work-
flows (Säwén, 2023). Such workflows should be intro-
duced in early design stages to achieve the maximum ben-
efit to the final performance of the design (Hollberg et al.,
2018; Meex et al., 2018).
For this purpose, several tools both for BPA (Säwén et al.,
2022a) and LCA (Säwén et al., 2022b) have been devel-
oped. These tools are usually adapted for use with specific
material databases. For instance, the BPA toolset Ladybug
Tools includes the EnergyPlus database for thermal ma-
terial properties (Sadeghipour Roudsari and Pak, 2013),
whereas the parametric LCA tool Bombyx provides access
to the Swiss KBOB database (Basic et al., 2019).
However, including a multitude of analysis methods dur-
ing design processes quickly becomes time consuming
for the designer (Purup and Petersen, 2020). First, they
need to develop the geometric model for architectural pur-
poses. Then, they need to adapt this model for each spe-
cific analysis mode considered. This includes identifying
the associated material properties relevant to each analy-

sis mode. In early design stages the extensive semantic
information provided by Building Information Modelling
(BIM) workflows, including material data, is usually not
available (Cavalliere et al., 2019). This means the analy-
sis process often becomes time- and resource-consuming
enough that the analysis is entirely left out, or at best, car-
ried out on a qualitative basis (Jusselme et al., 2020).
One avenue to streamline this process of modelling and
data collection, is to make available a single point of con-
tact in terms of material properties. By this we mean, as
shown in Figure 1, that instead of selecting material prop-
erties individually for each analysis module, the material
of each building component is selected only once in the
user interface. Then, the material properties associated to
each analysis module provided by the given analysis work-
flow are directly linked. In the analysis step shown in the
figure, the various models necessary can then be generated
based on a consistent material selection.
There are three main benefits for the designer with this
approach. Firstly, the modelling and analysis process is
greatly accelerated by only selecting the material once.
Secondly, the risk of operator error in terms of select-
ing incorrect materials, or making incorrect mappings
between similar materials with different properties, are
sharply reduced as the number of operation required are
reduced. Thirdly, the widespread use of such a consistent
database would make the comparison between different
studies achievable, a task which is currently difficult even
within a specific analysis domain (Emami et al., 2019).
However, for this to be possible, the mapping of databases
developed for different purposes is needed. The designer
needs to be able to retrieve trustworthy data for a range of
widely used building materials. Such a mapping does not
currently exist in the market. This gap has been pointed
out in number of research efforts. To bridge it, Fenz et al.
(2021) developed an ontology for materials used in ren-
ovation and adapted it for use with Industry Foundation
Classes (IFC), i.e., a BIM workflow (Theißen et al., 2020).
Li et al. (2020) similarly define an ontology aimed at the
materials design industry. Hong et al. (2019) instead pro-
pose that automated web crawling techniques could be ap-
plied to collect consistent material data and avoiding du-
plicated efforts by collecting data at different points in the
design process.
While these studies provide useful starting point for a
consistent ontology for material properties, and consistent

276

mailto:sawen@chalmers.se


Figure 1: Typical and proposed methods of adding material data to a geometric model.

methodologies for collecting them, no studies known to
the authors provide a hands-on approach for actually com-
bining specific databases for LCA and BPA data relevant
in the early design stages. We approach this by posing the
following research question: how can material databases
developed for different analysis purposes be mapped us-
ing material names or IDs and density as mapping pa-
rameters? This question is investigated through two cases,
the addition of BPA data to the generic Swedish Klimat-
databas, and the holistic evaluation of an earthen house
in Switzerland using KBOB, EnergyPlus, and Eurocode
databases for LCA, energy, and structural analysis.

Methods and materials
The overarching method was collecting material data from
a variety of sources and intended for different analysis
methods, and mapping the data for each material using the
density, ρ [kgm−3] as a mapping parameter. Both of the
case studies are included in an overarching project to study
the possibility of developing globally relevant databases
for life cycle building performance data as compared to
using locally defined databases. The specifics of each case
study are described below.

Case study 1: Climate database in Sweden
The aim of the case study carried out in the Swedish
context is to create a database which supports a para-
metric life cycle building performance assessment work-
flow. This workflow should contain LCA modules as well
as BPA modules implemented in the parametric frame-
work Grasshopper® (GH) (Robert McNeel & Associates,
2022).
The workflow is visualised in Figure 2. After geometry
is modelled, material data is collected in a single point of
contact within the GH interface. Data is collected for the
three analysis modules, the analysis is carried out, and the
results displayed and exported in the GH interface.
The database used for the climate assessment is the climate
database (Klimatdatabas) of the Swedish National Board
of Housing, Building and Planning (Boverket) (Boverket,
2023), which is available in Swedish and English. It in-

cludes the environmental impact IKDB for the LCA mod-
ules A1-A5 [kgCO2 eq.kg−1] (Hollberg, 2016), which is
mapped to geometry using the conversion factor density
ρ [kgm−3] to transform volume of material first to mass
of material and then finally to global warming potential.
The data included refers to generic materials, not specific
products.
There are no standardised databases for energy and day-
light material information in Sweden. Instead, data was
collected from a variety of sources. The following param-
eters were collected:

• Thermal conductivity λ [Wm−1 K−1]

• Density ρ [kgm−3]

• Specific heat c [Jkg−1 K−1]

• Roughness [-]

• Thermal absorptance αt [-]

• Solar absorptance αs [-]

• Visible absorptance αv [-]

For the purposes of this article, the thermal conductivity
λ and solar absorptance αs are used for demonstration.
The climate database under consideration currently con-
tains 171 opaquematerials. Based on being representative,
10 materials from a variety of categories were selected for
evaluation in this study. The mapping process, exempli-
fied in Figure 3 for the case of ”Structural steel, all sorts,
primary material” in Klimatdatabas, was performed in two
steps:

• Mapping of material names or IDs

• Mapping using parameter value (ρ [kgm−3])

The mapping of material name or IDs was done manually,
by finding identical or near-identical labels for the materi-
als included in the compared databases. When several can-
didate materials were present, for instance steel materials
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Figure 2: Workflow for parametric life cycle building performance assessment.

Figure 3: Example of mapping process for material ”Structural steel, all sorts, primary material” in Klimatdatabas (Boverket, 2023)
to thermal properties database (Pinterić, 2021).

with different structural performance, the material with the
closest density was selected. Once the mapping was made,
parameter values were collected and the precision of the
mapping evaluated using the name or ID and density as
comparative parameters to make sure that consistent data
was collected.

Case study 2: Earth building in Switzerland
The aim of the Swiss case study is to combine database for
an unconventional construction technique: using earthen
materials. Earthen materials can be used in a variety of
techniques, such as earth bricks or rammed earth, as shown
in Figure 4, where rammed earth was used to build a school
in the centre of Zurich. In addition to the LCA and BPA
modules, the workflow of this case study integrates a Finite
Element Modelling (FEM) module in GH, based on the
Karamba plugin (Preisinger, 2013).
The FEM database for structural analysis is based on Eu-
rocode materials, such as EN 1992-1-1 (European Com-
mittee for Standardisation, 2014) for concrete or EN 338
(European Committee for Standardisation, 2016) for tim-
ber. The mechanical properties of the materials are
matched to the LCA and BPS database using the conver-
sion factor density ρ [kgm−3]. Although earthen materi-
als are missing from the FEM database, the workflow in
GH provides the ability to create bespoke isotropic or or-
thotropic materials. Assuming isotropic linear behaviour,

Figure 4: Umbau Schulpavillon Allenmoos II: school with
rammed earth walls in Zurich © Boltshauser Architekten

the mechanical properties of the earthen materials are de-
rived from the average values given in the RILEM State of
the Art report (RILEM TC 274-TCE, 2022). The follow-
ing parameters were collected:

• Young’s modulus E [MPa]

• In-plane shear modulus Ga [MPa]

• Transverse shear modulus Gt [MPa]

• Density ρ [kgm−3]

• Tensile strength σt [MPa]
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• Compressive strength σc [MPa]

• Coefficient of thermal expansion α [◦C−1]

• Strength Hypothesis: Mises, Rankine or Tresca

The LCA database used for the Swiss context is provided
by the Swiss Federal Conference of Public Project Own-
ers for the Coordination of Construction and Building Ser-
vices (KBOB, 2023). This database, available in Ger-
man and French, provides information on materials, build-
ing services and systems, and transport. The Life Cycle
Impact Assessment (LCIA) methodology calculates the
Global Warming Potential (GWP) of materials, includ-
ing manufacturing (A1-3) and disposal (C3-4). Energy
consumption is assessed according to the Swiss standards
SIA 2032 (Société suisse des Ingénieurs et des Architectes
(SIA), 2020) for energy efficiency and embodied energy
of buildings. This LCA database includes earth materi-
als such as rammed earth, earth bricks or earth plaster.
Rammed earth is taken as a reference for earth materials
in the KBOB database.
The BPS database follows the EnergyPlus data developed
by the US Department of Energy’s Building Technologies
Office (US DOE BTO, 2023). Although there is a mud
material in the database suitable for modelling soils, a be-
spoke earth material is created against a monitored earth
building (Estève-Bourrel et al., 2023).
Once the custom materials have been created and inte-
grated into their respective database, and material names
or IDs translated from French and German to English, the
mapping procedure is carried out in the same way as in
case study 1, using a single contact point in GH. In addition
to earth materials, conventional materials such as concrete
for the slab or timber for the roof are also considered.

Results
Case study 1: Climate database in Sweden
As seen in Table 1, all the materials presented were pos-
sible to map to materials in relevant databases for ther-
mal properties, whereas consistent databases for data rel-
evant for lighting simulations are harder to find. As seen
in Figure 5, the mapping using the density ρ as a mapping
parameter was generally successful, with a divergence of
±15 % for most materials, notwithstanding EPS with a di-
vergence of 36 %.
It should be noted that when collecting the data, no sin-
gle database could be identified which collected all the
relevant information. Instead, data was collected from
varyingly from ISO standards (Pinterić, 2021), online re-
sources (The Engineering ToolBox, 2009; Svenskt trä,
2003), and material manufacturers (Vitro Glazings, 2020;
Eco Merchant, nd).

Case study 2: Earth building in Switzerland
In the case study 2, the earth building, the densities of the
materials considered have a variability of less than 10%.
The KBOB LCA database suggests a range in the density

Figure 5: Overlap of parameters in baseline database and
comparison database in case study 1 (Swedish climate

database). X axis shows the density in the climate database for
all materials, and Y axis shows the density in the respective

energy databases.

of mineral wool and cellulose fibres, with values ranging
from 32 to 160 kgm−3 and 35 to 60 kgm−3 respectively,
which can create a greater disparity in the correct matching
of densities, see Figure 6. The fact that the materials are
also matched on the basis of their names or IDs confirms
that they match correctly.

Figure 6: Maximum absolute difference |δmax| between the
densities of the materials considered for the three studied
databases (KBOB, EnergyPlus and Eurocodes). *bespoke

material

It is worth noting that the non-conventional construction
materials chosen for this case study, shown in Table 2 such
as rammed earth, straw bale or earth plaster, are included
in the KBOB LCA database, but are absent from the Ener-
gyPlus and Eurocode databases. The creation of these be-
spoke data is therefore based on scientific literature. The
RILEMState of the Art book (RILEMTC 274-TCE, 2022)
provides mechanical and thermal values for earth mate-
rials, including density matching the value in the KBOB
database. The thermal characteristics were then checked
against a monitored earth building. The thermal properties
of straw bale were derived from experimental tests (Cza-
jkowski et al., 2022).
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Table 1: Excerpt of material mapping in case study 1 (Swedish climate database). IKDB is the environmental impact (A1-A5 modules),
λ is the thermal conductivity, and αs is the solar absorptance. ρc is the density defined in the climate database, ρe is the density
defined in the energy database, and ρd is the density defined in the reference data used for daylight material data. δ refers to the

difference (in percent) between the ρc and ρe.

Material ID IKDB ρc λ ρe αs ρd δ

Structural steel, all sorts, primary material 3.4 7850 50 7800a 0.65 7820 0.7
Floatglass (FG) 1.8 2500 0.94 2510b 0.14 2510 -0.4
Ready-mix made concrete, buildings C20/25 0.13 2350 1.65 2200a 0.6 2200 6.8
Bricks 0.38 1800 0.8 1800a 0.68 1900 0
Gypsum, standard plasterboard 0.34 710 0.21 700a 0.35 800 1.4
Glulam, u 12 %, spruce 0.18 434 0.13 500c - - -13
Autoclaved Aerated Concrete, (AAC) 0.65 400 0.1 450d - - -11
Wood fibre insulation, bats 0.43 50 0.036 60e - - -17
EPS, expanded polystyrene 4.3 30 0.035 22a - - 36
Stone wool, bats and rolls 1.7 29 0.035 31a - - -6.5
aPinterić (2021)
bVitro Glazings (2020)
cSvenskt trä (2003)
dThe Engineering ToolBox (2009)
eEco Merchant (nd)

Discussion
Compared to creating different models for each analysis
mode, the creation of a single model which interfaces with
several analysis engine would speed up the analysis pro-
cess by greatly reducing the time needed for modelling
and data collection. However, this hinges on the use of
one database which can be used to define material proper-
ties for a variety of analysis methods. The currently avail-
able databases with life cycle impact data generally only
include this data as well as conversion factors such as den-
sity to be able to map it to geometric data. This is true also
in the case for the two climate databases considered in the
present study: the Swedish Klimatdatabas, and the Swiss
KBOB.
This means data needs to be collected from other resources
to add the information needed for holistic life cycle build-
ing performance analysis including energy, daylight, and
structural analyses, etc. We investigated the extent to
which these resources could be mapped to the climate
databases using the density as a quantitative and the re-
source name or ID as a qualitative parameter.
We found that the mapping to publicly available databases
for energy analysis could be done based on the name or ID
for most typical construction materials like concrete and
steel. However, there was a variation in density ranging be-
tween±15% for most structural materials, and up to 64 %
for insulationmaterials. This means there is an uncertainty
in terms of how well the material properties are actually
matched. Future work could delve into explaining these
discrepancies in a deeper examination of the databases, or
alternatively, evaluate what kind of uncertainties are ac-
ceptable when making design decisions based on the anal-
ysis results. It would also be relevant to study the impact
of the need for translation between databases defined using

different languages.
Further, we found that some important materials in the sus-
tainable transition are missing even in widespread mate-
rial databases like the ones offered by ISO (ISO 10456 re-
garding the hygrothermal properties of building materials
and products (Pinterić, 2021)) and EnergyPlus (US DOE
BTO, 2023). This includes woodmaterials like glulam and
earthen materials like rammed earth and earth plaster, data
for which instead needs to be collected from specific mate-
rial manufacturers, which risks a bias. We also found that
while energy data is accessible for most materials, data
necessary for daylight analyses like reflectances/absorp-
tances are more obscure and also require the use of data
from specific manufacturers.
The method of using the density as a mapping parameter
in addition to the name or ID of the specific resource ap-
pears useful based on our study, but it adds a layer of uncer-
tainty to an already highly uncertain situation in the early
design stages. This situation could be improved through
a collective effort to improve climate databases by adding
information needed also for other analysismodes. Alterna-
tively, databases for structural, energy, and daylight anal-
yses could be updated to also include climate informa-
tion relevant to the local context. However, the constant
evolution of life cycle data as more ecological approaches
are adopted, and life cycle assessments are carried out in
greater detail, mean that any such database needs to be in
constant flux and requires regular update as new life cycle
information is retrieved.
One limitation of our study is of course that only a fewma-
terials were selected for analysis. In future work, a wider
overview of materials, in different national contexts, could
be provided. In such an overview, the deeper analysis of
the risk for false positives would be beneficial, especially
if transitioning from manual to automatic mapping meth-
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Table 2: Mapping of materials in case study 2 (earth building in Switzerland). IKBOB is the environmental impact (A1-3; C3-4
modules), Cbio

KBOB is the biogenic carbon in the material, ρKBOB is the density defined in the climate (KBOB) database, ρE+ is the
density defined in the energy (EnergyPlus) database, ρEU is the density defined in the structure (Eurocode) database. |δmax| refers to

the absolute difference (in percent) between ρKBOB, ρE+ and ρEU .

Material ID IKBOB Cbio
KBOB ρKBOB ρE+ ρEU |δmax|

Steel, Class S235 0.736 0 7850 7680 7800 2.2
Concrete, Class C25/30 0.177 0 2500 2322 2500 7.1
Rammed Earth 0.019 0 2000 2000a 2000a 0
Massive Wood, Class D18 0.129 0.413 485 540 500 10
Straw Bale Insulation 0.096 0.368 215 211b - 0
Mineral Wool 1.19 0 32/160 91 - 64
Cellulose Fibres 0.280 0.404 35/60 43 - 28
Earth Plaster 0.032 0 1800 1800a - 0
Plasterboard 0.301 0.018 850 800 - 5.9

aRILEM TC 274-TCE (2022)
bCzajkowski et al. (2022)

ods. Another important future work is cross-referencing
of a number of available databases for improved robust-
ness. Further, it should be noted that different parameters
were collected in the different case studies based on their
respective purpose. The overlap of the case studies is the
evaluation of name or ID and density as mapping parame-
ters.
Since the only parameters mapped were the name or ID
and the density, there is a great risk of misidentifying some
materials, leading to incorrect data mappings. One poten-
tial way of overcoming this would be comparing further
data attached to each resource, such as the material de-
scription commonly provided. To investigate such qualita-
tive parameters, natural language processing (NLP) meth-
ods could be applied to compare great amounts of textual
data.
We acknowledge that the proposed method only resolves
the issue of selecting consistent material data for an exist-
ing geometric model for use with a variety of simulation
tools. Further work is needed to streamline the workflows
which generate each necessary analysis model from this
single geometric model with added material data.

Conclusion
In the present study, the mapping of life cycle data from
the Swedish Klimatdatabas and the Swiss KBOB database
to databases for energy, daylight, and structural material
properties was investigated. This was done by compar-
ing the names or IDs and densities of materials to check
whether the materials could be mapped.
A divergence of±15 % was detected for structural materi-
als, whereas the divergence of up to 64 % was detected for
insulationmaterials. This indicates that while themapping
using the proposed methodology is possible, it introduces
a great uncertainty in terms of the material properties.
We propose the development of robust, nationally and in-
ternationally relevant material databases including life cy-

cle information along with energy, daylight, and struc-
tural material properties. The mapping of materials used
when developing such databases could include the mate-
rial name or ID, the density, and other parameters. These
databases need to be periodically updated and revised as
the life cycle impact of materials is improved through the
sustainable transition of the production industry. The ben-
efit of the use of such a holistic database is reducing mod-
elling and analysis time, avoiding user errors, and allowing
direct comparison between analyses, by only selecting ma-
terial information once as shown in Figure 1.
In future work, we propose that the applied methodology
of matching materials through resource name or ID and
density is further tested by comparing several available
databases, and by testing it in different national contexts.
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Abstract
Network availability and quality is vital for using robotics,
real-time digital twins or augmented reality in construc-
tion. This paper explores using semantic web models to
perform radio propagation calculations for construction
sites. We have created an ontology describing and linking
data to calculate how building element installation affects
attenuation losses. Our findings enable to predict network
quality in the context of construction progress to ensure
network performance and coverage for mobile construc-
tion robotics. Hereby, network optimisation tasks can be
automated or planned in time for re-adjusting antenna po-
sitions and orientation.

Introduction
The construction sector faces major challenges in creating
affordable housing and modernising infrastructure despite
rising material prices and a shortage of skilled workers.
To meet these challenges, it is necessary not only to op-
timise the design of buildings but also to dramatically in-
crease the productivity of construction processes. In the
methods commonly used in practice, team productivity is
strongly influenced by effective communication in coordi-
nating construction activities and fast access to informa-
tion (Ahsan et al., 2009). Nowadays, this means that a sta-
ble network connection is of great benefit. Network avail-
ability and quality are crucial to further digitalising the
sector and enabling the use of digital twins and robotics,
which have increased productivity in other sectors.
Construction activities can be monitored by various sen-
sors, including laser scanners, depth cameras, ground pen-
etrating cameras, RGB cameras, radio frequency identifi-
cation, inertial measurement units, global navigation satel-
lite systems, and wireless sensor networks (Rao et al.,
2022). These sensors are also needed for mobile robots
to operate safely on construction sites - especially to pro-
vide situational awareness in human-machine collabora-
tion. The success of construction robotics will depend not
only on the capabilities of each machine but also on the
ability to share observations and, thus, context. This is
highly dependent on a robust and high-performance net-
work infrastructure.
Common, widely used wireless network technologies,
such as WLAN (e.g. IEEE 802.11), have range, through-
put, jitter, latency and reliability limitations that signifi-

cantly hinder construction automation. Additionally, a lot
of devices do not back up Quality of Service (QoS) func-
tionalities. A promising approach to overcome this is the
introduction of 5G technologies in the form of campus net-
works for construction sites. For example, the reliability
and low latency promised by 5G networks play an impor-
tant role in autonomous and remote-controlled construc-
tion machinery (Lee et al., 2022). In general, high latency
is detrimental to real-time robot control.
While the capabilities of 5G networks can potentially im-
prove network quality and coverage on construction sites,
these environments present specific challenges. Unlike
fixed factory floor deployments, environmental factors on
a construction site are permanently changing. Therefore,
networks must be able to adapt and move as construction
progresses. Otherwise, limited network performance and
connectivity results (Din and Bernold, 2017). As with
other wireless radio networks, the quality of 5G networks
depends on the characteristics and design of the antenna
and the propagation of radio waves. Factors such as prop-
agation losses, including path loss, reflection, diffraction,
refraction and scattering, can limit the effectiveness of ra-
dio networks (Erunkulu et al., 2020).
Predicting network quality at specific locations on a con-
struction site by estimating the loss of signal strength,
considering construction progress, building information,
and antenna configuration could significantly contribute to
digitalization and automation in construction. The knowl-
edge gained could, for example, influence the navigation
preferences of mobile robots to avoid areas with poor net-
work quality.
More promisingly, it could be used to optimise a network
setup, where antenna settings, position and orientation can
be adjusted based on construction progress. Recent an-
tenna technologies such as Massive Multiple Input Multi-
ple Output (MIMO) allow software-optimised radio, such
as beamforming optimizations. Concepts like O-RAN and
SD-RAN enable applications to steer RAN so that fewer
physical positioning adjustments are required. Still, such
applications require exact information about site topology
and progress.
To enable this, the proposed network quality prediction re-
quires harmonising and linking data that do not originate
from the same source system and cannot currently be put
into a machine-readable context. Linked Data and Seman-
tic Web technologies are ideal for linking such heteroge-
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neous data from different knowledge domains. In addi-
tion, there are already approaches for Building Informa-
tion Modeling (BIM) and construction process modelling
in the form of Linked Building Data (LBD) ontologies, if-
cOWL (Pauwels and Terkaj, 2016) and the results of the
Internet of Construction (IoC) project (Brell-Cokcan and
Schmitt, 2024). Therefore, the approach described in this
paper investigates the development and use of a semantic
datamodel using an ontology to represent the data required
for the calculation of radio wave propagation.

State of the Art
Fundamentals in Radio Wave Propagation
Radio waves are electromagnetic waves. As such, they
are affected by reflection, refraction and absorption phe-
nomenawhen propagating throughmatter. Commonly, the
propagation of an electromagnetic wave is described with
the wave equation:

E (x, t) = E0 · e−i
(
ωt− ω

c xn
)
| with n = n′+ i ·n′′

= E0 e−
ωn′′

c ·x · e−i
(

ωt− ωn′
c ·x

) (1)

where the first term gives the exponential decay of the
wave’s amplitude with propagation for n′ > 0. For the in-
tensity I (x) holds

I (x) =
1
2

ε0c · |n| · |E (x) |2

=
1
2

ε0c · |n| ·E0
2 · e−

2ωn′′
c ·x = I0 · e−α·x

(2)

where α is the attenuation coefficient, and the last iden-
tity is known as Beer-Lambert’s law. The intensity of the
transmitted radio wave is related to its power by multipli-
cation with the unit area I ·4πd2 = P. Typically, the trans-
mit power of an antenna is given in the unit dBm. This is
equivalent to the power ratio of the signal power in refer-
ence to P0 = 1mW on a log10-scale as in equation 3.

P [dBm] = 10 · log10

(
PRX [mW]

1mW

)
(3)

On the same logarithmic scale, the received signal strength
PRX at the distance d can be expressed as the sum of the
transmit power Pt of the transmitting antenna, its respec-
tive antenna gain GT X , the propagation losses along the
path between the transmitter and the receiver T L, and the
gain of the receiving antenna GRX on the logarithmic scale.

PRX [dBm] = Pt [dBm]+GT X [dBi]−T L [dB]+GRX [dBi] (4)

The antennas’ gain and transmit power are adjustable prop-
erties, whereas, for propagation losses, the environment
plays a crucial role. Propagation loss describes the reduc-
tion in signal strength when an electromagnetic wave tra-
verses a medium capable of absorbing or dispersing a por-
tion of the wave energy. In a simplified model, the total
propagation losses can be considered as the sum of the free
space path loss (FSPL), reflection loss (RL), and attenua-
tion by penetrating building elements (PL).

TL [dB] = FSPL [dB]+RL [dB]+PL [dB] (5)
FSPL refers to ”the loss between two isotropic radiators in
free space, expressed as a power ratio”. The Friis trans-
mission equation (Friis, 1946) can be written as

FSPL [dB] = 20log10

(
4πd f

c

)
(6)

where d denotes the distance between the transmitter and
receiver and f the frequency.
Reflection losses describe the signal lost when an object’s
surface reflects a fraction of incoming radio waves. The
reflectance is a material property and depends strongly on
the frequency of the incident radio wave and the angle un-
der which the wave hits the surface.

Pr = R( f ) ·Pin (7)
Lastly, and especially in the construction environment,
penetration loss or attenuation occurs when radio waves
penetrate building elements since most real-world mate-
rials are dielectric materials characterised by permittiv-
ity, permeability, and conductivity. To quantify the im-
pact of material properties on wave propagation, we follow
the calculations in ITU (2023) and consider the attenua-
tion distance ∆ where the amplitude of the electromagnetic
field vector has fallen by a factor 1

e :

∆ =
1

k0
√

η ′

√
2cos(δ )

1− cos(δ )
(8)

In equation 8 η ′ denotes the real part of the complex rel-
ative permittivity η = η ′+ i ·η ′′. The permittivity of the
material is then ε = ηε0. Since the angle of the loss tan-
gent δ = arctan

(
σ

εω

)
relates the conductivity σ with the

permittivity, the attenuation distance also depends on these
properties of thematerial and the frequency of thewave. In
the limit of a good conductor, the attenuation length sim-
plifies to

∆conductor = lim
σ→∞

∆ =
1

k0
√

η ′

√
2

tan(δ )
(9)

whereas for a nearly perfect dielectric, it becomes

∆dielectric = lim
σ→0

∆ =
1

k0
√

η ′
2

tan(δ )
(10)

The attenuation distance is related to the attenuation rate
as shown in equation 11.

A
[
dBm−1

]
=

20log10 (e)
∆

(11)

As suggested by ITU (2023), we use equations 9 and 10,
to express the attenuation rates for conductors and approx-
imately ideal dielectric materials as functions of η ′ and σ

resulting in

Aconductor = 20log10 (e)
√

π

ε0c02 ·109 ·
√

σ f [GHz]

Adielectric =
20log10 (e)

2ε0c0
· σ√

η ′

(12)
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Both σ and η ′ depend on the frequency and can be char-
acterised as follows:

η
′ = a f b and σ = c f d (13)

To calculate the total amount of propagation losses, the
derived attenuation rates have to be multiplied by the dis-
tance the wave travels within the material. Since building
elements often consist of several layers of materials, these
calculations need to be done for all layers. The thus found
value for the expected signal strength can be compared to
the RSSI value that can be found in the network statistics
of each connected device that fulfils the IEEE standards
802.11 or 802.15.4.

Research on building materials affecting radio wave
propagation
Current research on the electromagnetic behaviour of
building materials is mainly conducted at the city scale or
focuses on the finished building and how the choice of ma-
terials affects the signal quality. Exemplary approaches fo-
cus on the use of blueprints (Seidel and Rappaport, 1994)
and the 3D geometry of the building (Ullah et al., 2020)
for ray tracing simulations. Similarly, empirical studies
of building penetration losses indicate the effect of façade
material, structure and thickness, radio parameters such
as frequency, signal strength, incidence angle and the in-
cident field’s polarisation. A study by García Sánchez
et al. (2022) focused on the impact of building penetration
losses at 3.5 GHz across various facade types, examining
factors such as the incidence angle, polarization, andmate-
rial effects within 5G systems. Their findings included an
attenuation variation of up to 8 dB based on the incident
angle. An example of a compilation of such studies can
be found in (ITU, 2021). Like Yamamoto et al. (2019), we
relate the received radio signal strength at a dedicatedmea-
surement point to the distance between the transmitting an-
tenna and the receiver. Yet, in contrast, in construction,
considerations about the propagation losses that affect the
radio signal along its path through physical objects need to
be included. While only applied studies are available for
many phenomena such as scattering, and therefore no val-
ues exist that can be meaningfully transferred to individual
components and their materials, the necessary character-
istic values for permittivity and conductivity are collected
in ITU-R P.2040 (ITU, 2023). Therefore, in this paper, we
concentrate primarily on mapping these values.

Linked Building Data
Linked Building Data (LBD) leverages Linked Data prin-
ciples (Heath and Bizer, 2011), connecting information
relevant to applications in the Architecture, Engineering
and Construction sectors. World Wide Web Consortium
(W3C) standards such as the Resource Description For-
mat (RDF) (Lassila et al., 1998) are used. LBD benefits
interdisciplinary collaboration (Pauwels et al., 2017) and
interoperability (Beetz, 2009). To promote data accessi-
bility, the W3C Linked Building Data (LBD) Community
Group has focused on developing modular approaches in

recent years(Rasmussen et al., 2020). For material proper-
ties, the Digital Construction Building Material (DICBM)
ontology, developed by Valluru et al. (2020), is a modular
framework to improve the management of building ma-
terial information within the BIM collaboration process.
This ontology encompasses components such as Materi-
alDefinition, LayerSet, Layer and MaterialProperty. How-
ever, it does not include properties for describing the elec-
tromagnetic behaviour of construction materials. In con-
trast to materials, radio antennas and their properties have
been completely absent and, therefore, cannot currently be
modelled in the LBD context.

Methodology
Scope and competency questions
Calculating values to dynamically predict network qual-
ity and coverage on construction sites is mainly related to
antennas, their properties, the site topology, and the build-
ing plan, including geometry and used materials. More-
over, the construction process, which involves scheduled
and performed progress and auxiliary elements such as
formwork or scaffolds, needs to be included as changing
spatial conditions. As there is not yet the possibility to
model and link all the needed data in RDF, an ontology
is created to introduce the necessary classes and proper-
ties while connecting them to existing approaches from the
linked building data domain, as the ontology complements
and extends these when possible. The methodology de-
ployed is described by Noy and McGuinness (2001). Ac-
cording to their guide, the first step is to clarify the focus
and scope of the new ontology. Three questions regarding
the scope (SQ) are defined and answered for that purpose.

SQ1: What domain is covered by the ontology?
The ontology covers radio network modelling and signal
strength predictions for construction sites.
SQ2: What is the purpose of the ontology
The ontology should enable the calculation of the Re-
ceived Signal Strength Indicator (RSSI) calculation to pre-
dict radio networks’ relative signal strength at any spot on
a construction site. Therefore, it is necessary to be able
to save and link data relevant to radio propagation of the
frequency used connected with the building information
modelling and construction process data. It should enable
the simulation of wireless communication networks with
respect to changing spatial conditions of the construction
site and propose possible adaptations to the nomadic net-
work infrastructure.
SQ3: What questions should the ontology answer?
The ontology should be able to answer questions about the
topology-related setup of the wireless network infrastruc-
ture and its current configuration. It should help assign
and query values for building materials describing their
type permittivity and conductivity to query and calculate
propagation losses dynamically and independently of the
deployed radio frequency.
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Competency questions (CQ) were developed according to
the scope specification. These competency questions are
technical-functional, describing what queries should be
able to be answered when data is instantiated using the
ontology. These queries are not intended to directly an-
swer questions about the expected network quality, as this
requires complex calculations. Our goal is to prove that
context-enriched values can be retrieved to calculate or
simulate approximate values incorporating dynamic con-
struction process information. TheCQs are shown in Table
1.

Table 1: Defined competency questions (CQ).
No. Questions
CQ1 What are the characteristics and position

of the transmitting antenna?
CQ2 What are the characteristics and position

of the receiving antenna?
CQ3 What building elements that interfere with

radio wave propagation are expected to be
realized at a given time?

CQ4 What is the material composition of the
building elements in question?

CQ5 What are the materials’ type, permittivity
and conductivity properties concerning
radio waves?

Reusing existing ontologies is one of the core principles
of Linked Data. Our investigation into existing ontologies
that predict radio propagation within construction sites re-
veals a lack of developed approaches. Therefore, the com-
petency questions cannot be answered with any existing
solution known to us. However, for concepts that describe
the building elements and the construction process, there
are ontologies that we consider to be applicable and ma-
ture. These can be built upon and incorporated to achieve
greater interoperability. Table 2 gives an overview of the
reused or linked ontologies.

Table 2: Overview of the connected ontologies.
Name Main classes and purpose
bot bot:Zone, bot:Element, bot:Interface

Ontology describing topological concepts
of a building (Rasmussen et al., 2018)

ifc Ifc:Root
Web Ontology Language (OWL)
representation of the IFC schema (Pauwels
and Terkaj, 2016)

ioc ioc:process
Ontology developed within IoC to
describe processes (Kirner et al., 2024)

opm opm:PropertyState
An ontology for describing properties that
change over time (Rasmussen et al., 2020)

qudt qudt:Quantity, qudt:Unit
A unified model of measurable quantities
and units (QUDT.org, 2015)

The Construction Site Network Ontology (CNO)
The CNO ontology is designed as an application-level
ontology. It is intended to be used in combination with
the LBD ontologies (Oraskari et al., 2021) and ifcOWL
(Pauwels and Terkaj, 2016) to add construction context,
as well as the Internet of Construction Process Ontology
(ioc) (Kirner et al., 2024), which enables dynamic schedul-
ing and status information of construction processes. The
main classes of the CNO ontology describe the miss-
ing dynamic data needed to calculate the expected sig-
nal strength according to the radio propagation fundamen-
tals. Specifically, these are cno:Antenna,cno:Obstacle and
cno:Material. Most proposed additions are object and data
properties that extend or link existing classes like ifc:Ifc-
Material to add metadata relevant to radio propagation.

cno:Antenna
The major new concept to add is the cno:Antenna. Sim-
plified, the antennas are subdivided into cno:Transmitter,
which describes themain antenna and cno:Receiver, in this
case, the antennas of the devices in the network. Anten-
nas must have object properties that describe the relevant
properties. In this first draft, these are limited to position
and direction, power, gain, and frequency. As antennas for
wireless communication are quite complex, these proper-
ties will be extended in future iterations.

cno:Obstacle
An object that leads to reflection and propagation losses
caused by its dielectric properties is described with the
class cno:Obstacle. Although the focus is clearly on the
building elements, obstacles, such as formwork, can also
be auxiliary or temporary objects of the construction pro-
cess. In addition, cars or construction machinery are rele-
vant. For building elements, position and rotation can be
queried via LBD geometry descriptions or data from the
ifcOWL instances. Geometry information in conjunction
with antenna position and properties can be used to calcu-
late FSPL or coarse reflection effects (see equation 6).

cno:Material
For the object propagation loss, the material composition
of the building elements is decisive. Real-life building ele-
ments rarely consist of a single material. The ifc:IfcMate-
rialLayer instances can provide material, layerthickness,
and direction. Therefore, we propose extending ifc:Ifc-
Material via rdfs:subclassOf with cno:Material to add
metadata regarding the relevant material type (cno:Con-
ductor or cno:Dielectric). The values needed to calculate
the attenuation rate according to equation 11 are linked as
cno:hasRelativePermittivityFrequencyCoefficient, and Ex-
ponenet as well as cno:hasConductivityFrequencyCoeffi-
cient and Exponent. They can be retrieved from Table 3
of ITU-R P.2040-3 (ITU, 2023). The model from which
these equations were deduced is only valid in a certain fre-
quency spectrum, so a cno:FrequencyRange must also be
attached to each material.

287



Figure 1: Main concepts and properties of the CNO ontology.

All classes and properties presented aim to enable the cal-
culation of attenuation rates in a construction site con-
text. For object propagation losses, they can be added to
a cno:Obstacle with the help of cno:hasAttenuationRate.
This should be a dynamic, time-stamped value enabled
using the OPM ontology’s opm:CurrentDataState class.
This is considered amain improvement over static material
bound values found throughout the state-of-the-art. On the
one hand, depending on the composite material, the num-
ber of layers is due to changes in the course of the con-
struction process. On the other hand, as shown in equa-
tions 8, attenuation rates also depend on frequency, which
is not necessarily static, depending on the network setup
deployed.

Properties of the ontology
The ontology described here represents a first draft of an
OWL-based ontology describing radio networks on con-
struction sites. In its current state, the ontology consists
of twelve classes, six object properties, and six data-type
properties. Figure 1 shows the basic concepts, as well as
object and datatype properties proposed.

Evaluation and use-case
A dataset derived from the operational 5G network on the
reference site Aachen Melaten was created to evaluate the
ontology presented. This does not aim to validate whether
the calculated values are precise but to prove that the es-
tablished competency questions can be answered. There-
fore, a dataset created with the help of the CNO ontology
provides the data required to predict signal strengths in a
dynamic construction site environment.
Due to scientific comparability, a known BIM model, the
duplex¹, is used as a source of building information. It is
converted to RDF and extended by ioc:processes, which
describes, using ioc:Schedule that a certain building ele-
ment is expected to be erected at a given time.

¹https://portal.nibs.org/files/wl/?id=O9inoVWDytV4P3UTS7iIdqhVKcTyVlcs

The modelled scenario consists of the transmitting an-
tenna, an AW3374-T0-F (1) mounted on a Liebherr L1-24
tower crane, and a Milesight UR75 5G Router (2). The
Router is mounted on a Heros 224 mobile AGV from In-
nok Robotics. A multilayer outside wall of the BIMmodel
is chosen as the element of interest (3). Figure 2 shows the
scenario and its components.

Figure 2: Scenario on the reference construction site in Aachen.

The Antenna and its properties were modelled manually.
While values like gain or direction are among the char-
acteristics provided by the antenna’s manufacturer, power
and frequency are subject to the network setup. It is to be
noted that these values are linked to the antenna to sim-
plify the data model and queries. Practically, the radio in
use determines these values. The antenna position is de-
signed as a dynamic feature to enable nomadic network
setups in reaction to progressing construction processes.
The resulting triples added to the graph are shown in fig-
ure 3.
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Figure 3: Example for an instantiated cno:Antenna including
metadata.

CQ1-2 can be answered by querying the depicted instances
in addition to a receiver that is modelled accordingly. List-
ing 1 presents a query retrieving the transmitter, frequency,
and receiver positions. Querying for opm:CurrentDataS-
tate ensures that the currently valid value is retrieved,
which implies the dynamic characteristics of the proposed
approach.

Listing 1: SPARQL Query for CQ1
PREFIX cno: <http://w3id.org/cno#>
PREFIX qudt: <http://qudt.org/schema/qudt#>
PREFIX unit: <http://qudt.org/vocab/unit#>
PREFIX geo: <http://www.opengis.net/ont/geosparql#>
PREFIX opm: <http://www.w3id.org/opm#>

SELECT ?f ?posTX ?posRX WHERE
{?Transmitter a cno:Transmitter;

cno:hasPosition ?posTXState;
cno:hasFrequency ?fstate.

?fstate a opm:CurrentDataState;
qudt:numericValue ?f;
qudt:unit unit:Hertz.

?posTXState a opm:CurrentDataState;
geo:asWKT ?posTX.

?Receiver a cno:Receiver;
cno:hasPosition ?posRXState.

?posRXState a opm:CurrentDataState;
geo:asWKT ?posRX.}

Retrieving the cartesian coordinates of the transmitter and
receiver and the transmitter frequency enables us to calcu-
late the free space path loss as in equation 6.

FSPL= 20log10

(
4π ·21m ·3.75GHz

cair

)
= 70.37dB (14)

To answer CQ3, the process model linked to the building
model must be queried. The structure of the query depends
on how detailed the process model was created. In its most
simplistic form, a ioc:Process is created for each bot:Ele-
ment, which describes the ”finalization” of said element.
The object property ioc:hasOutputElement describes that
the instantiated Process creates the linked element. Fi-
nally, a schedule is added to that process via ioc:hasSched-
ule. To keep it simple, the schedule is only connected to
xsd:datetime, which expresses the scheduled end time of
the process with the help of prov:endedAtTime. Querying

elements that are the output of processes with this sched-
ule metadata and using a SPARQL Filter for the timestamp
will retrieve the necessary building element IRIs.

All values from Table 3 of ITU-R P.2040-3 are collected
in a JSON file to include the relevant material properties
for radio wave propagation to the data model. Hereafter,
material aliases are added to map the materials from the
Table to materials in the IFC. Depending on which author-
ing software is used, these can differ slightly. The Duplex
was modelled with Revit, so exemplarily, ”Brick” needs
to be mapped to ”Masonry - Brick”. Finally, a Python
script queries the data model for IFC materials, locates the
materials via the aliases in the JSON file, and updates the
graph with the needed material properties. An excerpt of
the resulting database is depicted in figure 4. It shows the
process logic on the top, LBD element and ifcOWL struc-
ture, and two of the material layers on the bottom. For
enhanced readability, we refrained from labelling ifcOWL
object properties.

Figure 4: Excerpt of the data model extended with the help of
the cno classes and properties.

Querying the database to answer QC4-5 mainly involves
traversing the ifcOWL structure, which is complex. While
for many use cases, the LBD ontologies and, most specif-
ically, props in combination with geometry is more than
sufficient, we need the full expressiveness of the IFC data
model here. RDF lists need to be processed when nav-
igating via relAssociates to the material layers. This is
best done by using the SPARQL 1.1 property path fea-
tures. Listing 2 shows a query realising this. The asterisk
in list:hasNext* shows that we follow this property to the
end of the list via a path of ”zero or more occurrences”.
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Listing 2: SPARQL Query for CQ5-7
PREFIX cno: <http://w3id.org/cno#>
PREFIX qudt: <http://qudt.org/schema/qudt#>
PREFIX unit: <http://qudt.org/vocab/unit#>
PREFIX list: <https://w3id.org/list#>
PREFIX express: <https://w3id.org/express#>
PREFIX ifc: <https://standards.buildingsmart.org/IFC/DEV/

↪→ IFC2x3/TC1/OWL#>

SELECT ?Axis ?Dir ?dLayer ?MatType ?a ?b ?c ?d WHERE
{ BIND (<Element-IRI> as ?Element)
?IfcRelAdMat ifc:relatedObjects_IfcRelAssociates ?Element;
ifc:relatingMaterial_IfcRelAssociatesMaterial ?IfcMat.
?IfcMat a ifc:IfcMaterialLayerSetUsage;

ifc:forLayerSet_IfcMaterialLayerSetUsage ?
↪→ IfcMatLayerSet;

ifc:layerSetDirection_IfcMaterialLayerSetUsage ?Axis;
ifc:directionSense_IfcMaterialLayerSetUsage ?Dir.

?IfcMatLayerSet ifc:materialLayers_IfcMaterialLayerSet ?
↪→ IfcMatLayer_List.

?IfcMatLayer_List list:hasNext* ?IfcMatLayer_List_Elem.
?IfcMatLayer_List_Elem list:hasContents ?IfcMatLayer.
?IfcMatLayer ifc:material_IfcMaterialLayer ?IfcMatLayered;

ifc:layerThickness_IfcMaterialLayer ?IfcMatLayered_d.
?IfcMatLayered_d express:hasDouble ?dLayer.

?IfcMatLayer ifc:material_IfcMaterialLayer ?Mat.
?Mat rdf:type ?MatType;

cno:hasRelativePermittivityFrequencyCoefficient ?a;
cno:hasRelativePermittivityFrequencyExponenet ?b;
cno:hasConductivityFrequencyCoefficient ?c;
cno:hasConductivityFrequencyExponent ?d.}

This query returns the sequence of materials in the layered
element. The direction, axis and thickness of each layer
describe the geometric properties. The material properties
introduced in the cno ontology contain the values to be in-
serted into the required propagation loss equations. These
depend on the type of material, either a cno:Conductor or
a cno:Dielectric. For the first layer queried, ”Masonry -
Brick” (see figure 4), we calculate:

η
′ = 3.91 ·3.75GHz0.0 = 3.91

σ = 0.0238 ·3.75GHz0.16 = 0.81Sm−1

Adielectric = 1636 · 0.03√
3.91

= 24.33dBm−1

(15)

Multiplying the calculated attenuation rate by the layer
thickness of 0.092m gives an attenuation of about 2.23dB.
This processmust be repeated for all 6 layers of the compo-
nent, resulting in a calculated propagation loss of 20.61dB
and an average attenuation rate of 49.4 dBm−1. While this
value is consistent with the approximate values found in
the literature, it should be noted that this calculation is
highly simplified. On the one hand, the layered wall has
a stud metal layer, which can significantly affect propaga-
tion due to its conductive behaviour. On the other hand,
we do not consider other effects, such as Snell’s law or ad-
ditional reflections that are relevant here.
To complete this proof of concept, the transmitting and re-
ceiving antenna gain is taken from listing 1. Focusing on
the FSPL and the element propagation loss, combining the
values to get the total propagation loss and inserting it into
equation 4, we can calculate the received power in dBm
and thus the expected RSSI (see equation 16).

36.98(dBm)+9(dBi)−90.97(dB)+5(dBi) =−39.99(dBm)
(16)

Conclusions and Outlook
Construction sites differ from other production environ-
ments due to the ever-changing site topology, leading to
restricted radio network connectivity and performance. To
address this, an ontology is designed and developed that
introduces and links concepts relevant to radio wave prop-
agation with existing building and construction process
modelling approaches. These concepts have been devel-
oped with respect to both the scientific fundamentals and
the material properties available in official reports. To test
the usability of the approach, a sample data set describ-
ing the 5G installations of the reference construction site
in Aachen and a BIMmodel enriched with scheduling was
generated and queried. The values obtained could be used
in simplified, basic equations to determine the network
quality, thus demonstrating that the approach makes it pos-
sible to link the necessary variables with the construction
process context.
The described use case can prove that the necessary data
can be retrieved to perform basic estimations. For this, the
developed ontology as open and extensible data standard
the facilitates access to information independent of soft-
ware vendors, ensuring accessibility and interoperability.
However, the ultimate goal is to feed more complex simu-
lation environments to enable accurate network quality es-
timation for network optimization. To achieve the required
accuracy, the ontology will need to be extended to include
material properties such as albedo, roughness, or refrac-
tive index to allow for the calculation of effects such as
reflection, refraction, and scattering, which were beyond
the scope of this work. Future research will aim to vali-
date more complex, construction context-dependent sim-
ulations with precise measurements in real-world scenar-
ios. In this way, further insights will be gathered to create
a network infrastructure that can adapt to the evolving con-
struction environment by predicting network coverage and
quality, thus driving innovation in the construction indus-
try, such as digital twins and construction robotics.
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Abstract 

Indian highway projects grapple with multifaceted delays, 
from contractual hurdles to legal complexities. 
Addressing this, the National Highway Authority of India 
(NHAI) embraces a cloud-based Data Lake, ushering in a 
“Fully Digital” paradigm. This advanced tool, validated 
through a literature review and NHAI stakeholder 
interviews, forecasts and manages delays systematically. 
The study reveals NHAI’s adept integration of Data Lake 
technology across project phases, offering tangible 
solutions and underlining the transformative potential for 
data-driven decision-making in highway infrastructure 
projects. Recommendations advocate wider adoption, 
continual development, and prioritising education and 
research in delay management, heralding a new era of 
operational efficacy. 
Keywords: Construction Delays, Data Lake, Highway 
Projects, Delay Management. 

Introduction 

In the realm of constructing India’s expansive road 
network, measuring approximately 5.89 million 
kilometers, the continuous challenge of ensuring the 
timely completion of highway projects stands as a 
significant obstacle (Ministry of Road Transport & 
Highways Year End Review, 2022). This herculean task 
encounters numerous hurdles ranging from unpredictable 
weather conditions and complex land acquisition 
processes to bureaucratic permissions and the looming 
threat of supply chain disruptions. A study by the National 
Cooperative Highway Research Program (NCHRP) 
reveals that a staggering 40 per cent of projects experience 
delays, leading to escalated costs, compromised quality, 
and a noticeable decline in public satisfaction. These 
delays not only inflate project budgets and diminish 
quality but also erode trust among the public. 
Traditionally, project managers have relied heavily on 
their expertise and intuition to anticipate and manage 
potential delays. Yet, this conventional approach often 
falls short of identifying hidden delays until they 
materialise (Tripathi et al., 2023). The imperative arises 
for a paradigm shift toward a more data-centric approach 
to delay management. 
In this era of data innovation, data lakes have emerged as 
critical components for managing enormous quantities of 
structured and unstructured data efficiently. Functioning 
as a centralised repository, a data lake allows for the 
storage of data in its original format. It facilitates detailed 

analysis through an array of data mining and machine-
learning techniques (Mathis, 2017). This seismic shift 
towards data lakes provides a transformative solution for 
highway project delay management, moving away from 
the traditional, manual forecasting techniques that are 
time-consuming data gathering and inherent to 
inaccuracies. 
Data lakes are preferred over traditional approaches like 
data warehouses and data marts due to their unmatched 
flexibility, scalability, democratised access to data, and 
cost-effectiveness (Hai et al., 2023). Unlike rigid data 
warehouses that require predefined schemas, data lakes 
store raw data in its original form, accommodating diverse 
data types seamlessly (Singh et al., 2022). Scalability is 
another key advantage, enabling data lakes to handle the 
growing data volumes of highway projects seamlessly. 
This scalability, coupled with the lower total cost of 
ownership, makes data lakes an attractive option for 
organisations and innovation by providing a centralised 
repository for organisational data, unlike data marts 
tailored to specific domains (El Haddadi et al., 2020). 
Additionally, data lakes facilitate advanced analytics 
techniques like AI and Machine learning, empowering 
organisations to extract actionable insights from their 
data. The decision to prioritise data lakes over well-
defined data structures and explicit information 
requirements reflects a strategic choice to embrace 
technologies such as UML, graph databases, and 
ontologies (Sawadogo, 2019; Singh and Ahmad, 2019; 
Nambiar and Mundra, 2022). A comprehensive 
comparison of these technological options is shown in 
Table 1, highlighting the unique strengths and advantages 
that data lakes offer in meeting the evolving demands of 
construction big data challenges in the digital age.  

In the dynamic landscape of highway construction, where 
the precision of timing and meticulous management of 
resources is paramount, the integration of data lakes 
emerges as a pivotal element for advancing project 
efficiency (Nargesian et al., 2018). This advanced system 
empowers project managers to aggregate and scrutinise 
data from a myriad of sources, encompassing historical 
project data, predictive weather analytics, and real-time 
insights from sensors strategically deployed at 
construction sites. The advent of machine learning 
algorithms within these data lake frameworks acts as a 
formidable guard against potential delays. These 
algorithms are adept at identifying complex patterns, 
recognizing trends, and discovering connections within 
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the vast pool of integrated data, offering not only the 
ability to forecast delays but also the means to proactively 
prevent them (Gudivada et al., 2017). Imagine a scenario 
in highway construction where delays are not merely 
managed but actively prevented (Durdyev and Hosseini, 
2020). This scenario is made possible through the 
seamless integration of varied data sources, all housed 
within the secure confines of a data lake, orchestrated by 
the strategic application of machine learning algorithms. 
This not only underscores the role of data lakes as mere 
storage facilities but elevates them to the role of architects 
in a data-centric revolution in highway project 
management. This paradigm shift underscores the 
narrative that progress in the construction sector 
transcends the traditional reliance on physical materials, 
pivoting towards the strategic leverage of data. As the 
industry leans into this transformative approach, it stands 
to redefine delays not as mere hurdles but as opportunities 
to refine resource allocation, boost quality, and uplift 
public satisfaction. 

Table 1: Comparison of the different technologies with Data 

Lake 

S.
No
. 

Datab
ase 

Stores 
Raw 
Data 

Struct
ured 
Data 
Supp
ort 

Sche
ma 

Flexi
bility 

Horiz
ontal 

Scalin
g 

Query
ing & 
Analy

tics 

Why Data 
Lake is 

Preferred 

1 Data 
Lake ✓ ✓ ✓ ✓ ✓

Flexibility in 
storing raw 
data in its 
original 
format 

2 
Data 
wareh
ouse 

✓ ✓ ✓

Structured 
storage for 
consistent 

querying and 
reporting 

3 

NoSQ
L 
Datab
ases 

✓ ✓ ✓ ✓ ✓

Flexibility in 
schema and 

scalability for 
diverse data 

types 

4 

Objec
t 
Stora
ge 

✓ ✓

Scalability 
and cost-

effectiveness 
for storing 

large objects 

5 

Unifi
ed 
Mode
ling 
Lang
uage 

✓

Conceptual 
modelling 

and 
communicati

on in 
software 

development 

6 
Graph 
Datab
ases 

✓ ✓

Ability to 
model 

relationships 
between 
entities 

effectively 

7 Ontol
ogies ✓

Explicit 
representatio
n of domain 
knowledge 

and 
relationships 

Data Lake Implementation at NHAI 

The NHAI has introduced a data lake, marking a 
significant step forward in managing highway projects. 
This innovation brings enhanced efficiency, transparency, 
and the ability to make decisions based on data. The 

development involved careful planning and 
implementation, beginning with the initial phase of 
recognising the essential need for a centralised data 
repository. This necessity arose from the complexities 
involved in managing highway projects. Consequently, 
NHAI decided to establish a cloud-based data lake, laying 
the foundation for a revolutionary digital infrastructure. In 
collaboration with technology partners, the NHAI 
initiated the design of a data lake’s architecture, focusing 
on ensuring scalability, reliability, and the capacity to 
handle various data types (Khine and Wang, 2018).  
 The selection of cloud infrastructure from premier 
providers like AWS or Azure was made to establish a 
strong foundation for the platform’s operations (Sharma, 
2018). The development phase involved dedicated teams 
working diligently to realise the data lake’s vision, 
integrating it effectively with existing systems such as 
project management and GIS for a smooth transition. 
Stringent testing measures were put in place to maintain 
the utmost standards of data integrity, security, and 
efficiency. This included thorough user acceptance testing 
with participation from stakeholders across different 
functions, ensuring it meets the changing requirements of 
NHAI. Additionally, detailed training programs were 
organised for end users such as contractors, engineers, 
project directors, and regional officers, enabling them to 
utilise the data lake fully in their daily activities.  
The data lake was smoothly incorporated into the NHAI’s 
pre-existing workflows, replacing manual procedures 
with automated systems. This enhancement significantly 
improved efficiency and accountability across various 
operations. The integration encompassed project 
documentation, communications, workflow monitoring, 
timelines, notifications, and financial transactions related 
to projects, and all facilitated through the data lake 
interface. This allowed stakeholders to make well-
informed decisions based on up-to-the-minute data 
insights. Furthermore, the compulsory inclusion of drone 
surveys for every project enabled thorough monitoring 
and analysis, substantially strengthening NHAI’s 
capability in managing projects. The data lake serves a 
broad array of end users, including contractors, engineers, 
project directors, regional officers, and headquarter staff. 
Each group of stakeholders enjoys access to customised 
features and functionalities designed to meet their unique 
requirements, thereby empowering them to make 
decisions rooted in data, which in turn promotes project 
success and organisational development. 
NHAI data lake architecture 

The data lake architecture employed by the NHAI is 
designed to efficiently handle large volumes of diverse 
data, facilitating data-driven decision-making and 
operational efficiency within the organisation. It consists 
of key components such as the ingestion layer, storage 
layer, processing layer, catalogue and metadata 
management, governance and security, analytics and 
visualisation, and finally sharing and collaboration 
components. The simplified breakdown of the key 
components is as follows: 

293



Data Ingestion Layer: This layer focuses on collecting 
data from various sources, including internal databases, 
APIs, and external sources like documents and images. It 
ensures the seamless ingestion of structured and semi-
structured raw data types relevant to NHAI’s operations 
(Singh and Ahmad, 2019). 
Data Storage Layer: Once data is ingested, it is stored in 
a distributed file system, such as Hadoop Distributed File 
System (HDFS) or cloud-based storage solutions like 
Amazon S3 or Azure Blob storage. This ensures secure 
and efficient storage of data, enabling accessibility for 
further processing and analysis (Inmon, 2016). 
Data Processing Layer: In this layer, tools and 
frameworks like Apache Spark, Apache Flink, or Apache 
Beam are utilised to process and transform raw data into 
usable formats. Batch and stream processing techniques 
enable real-time or near-real-time data processing, 
enhancing NHAI’s analytical capabilities (Sharma, 2018). 
Data Catalog and Metadata Management: NHAI’s data 
lake architecture incorporates a metadata management 
system to catalogue and organise the vast amount of 
stored data. This metadata provides valuable information 
about the structure, format, and lineage of the data, 
facilitating easy discovery and understanding of available 
datasets (Madera and Laurent, 2016). 
Data Governance and Security: Data governance policies 
and security measures are integral components of NHAI’s 
data lake architecture. Access control mechanisms, 
encryption, data masking, and compliance with regulatory 
requirements ensure the privacy and security of sensitive 
information stored within the data lake (Abraham et al., 
2019). 
Data Analytics and Visualisation: NHAI’s data lake 
enables data analytics and decision-makers to perform 
advanced analytics and derive insights from the stored 
data. Tools like Apache Hadoop, Apache Spark, or 
specialised analytics platforms facilitate data analysis and 
visualisation through dashboards or reports, empowering 
informed decision-making (Nagel et al., 2021). 
Data Sharing and Collaboration: NHAI’s data lake 
architecture includes features for sharing data and 
collaborating with internal and external stakeholders. This 
may involve providing APIs for accessing data, 
implementing data-sharing agreements, enabling secure 
data exchange protocols, and fostering collaboration and 
knowledge sharing within the organisation (Couto and 
Ruiz, 2022). 

Data lake for delay management 

In the domain of highway construction, the data lake 
emerges as a powerful tool for effective delay 
management. Acting as a centralised repository, it adeptly 
accommodates structured and unstructured data of any 
magnitude, enabling the integration and analysis of 
information from various sources, such as construction 
sites, traffic sensors, and weather reports. This versatility 
makes the data lake a crucial component in effective delay 
management, which is evident in its diverse applications 
(Edison and Singla, 2020). 

Primarily, the real-time monitoring capabilities of data 
lakes empower project managers to gather instantaneous 
data from varied sources ranging from sensor metrics and 
weather projections to traffic dynamics and social media 
updates (Gorelik, 2019). This comprehensive data 
snapshot enables proactive decision-making, allowing 
project managers to discern potential delays and take 
corrective measures promptly. Secondly, through the lens 
of predictive analytics, data lakes craft models that 
discern trends in historical data, translating them into 
actionable insights for anticipating and mitigating future 
delays. For instance, a meticulous analysis of past weather 
patterns facilitates pre-emptive measures against weather-
induced schedule disruptions (Nambiar and Mundra, 
2022). 
Furthermore, data lakes facilitate a detailed optimisation 
of resource allocation by identifying areas of 
underutilisation or excess usage. This optimisation 
strategy not only streamlines project timelines but also 
acts as a strong deterrent against delays. Additionally, 
these reservoirs of information play a pivotal role in root 
cause analysis by storing and examining historical data on 
previous delays. Armed with this knowledge, 
organisations can effectively implement measures to 
minimise and prevent similar delays in future projects. 
Additionally, data lakes transcend their role as mere 
repositories by fostering collaboration among project 
stakeholders. By providing a centralised hub for project-
related data, they facilitate seamless communication and 
collaboration across diverse teams, ensuring alignment 
toward common project objectives (Hagstroem et al., 
2017; Chomo, 2019). 
In summary, data lakes serve as invaluable assets in the 
ongoing effort to minimise delays in highway 
construction projects. Through the integration and 
analysis of data from diverse sources, project managers 
gain deep insights, enabling them to make informed 
decisions and proactively guide projects toward 
successful completion. This fusion of big data within the 
data lake seamlessly addresses the complexities of 
highway construction delay factors, showcasing a 
nuanced alignment between the features of the data lake 
and the diverse challenges encountered in construction 
projects, as illustrated in Table 2. 

Methodology 

This study was conducted within the framework of the 
NHAI and involved a diverse group of stakeholders. The 
study aimed to understand the subjective experiences and 
interpretations of these stakeholders’ concerning delays in 
highway projects. By adopting a collaborative approach, 
the research sought to generate knowledge that reflects the 
multifaceted perspectives of those involved, thus 
acknowledging their crucial role in shaping the findings. 
The methodology of the study was structured into four 
stages, designed to align with the research objectives. The 
investigation utilised both secondary and primary data 
sources. Initially, the research identified the problem of 
project delays through an extensive literature review, the 
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author’s direct involvement with highway projects, and 
informed discussions with experts. 

Table 2: Matrix that maps delay management features for 

highway projects against common causes of delays 

Cause of 

delay 

Delay management features 

Real-

time 

monitor

ing 

Predicti

ve 

analytic

s 

Resource 

Allocation 

& 

optimisati

on 

Collaborati

on 

Poor planning 
and 

scheduling of 
the project 

✓ ✓

Site 
clearances ✓ ✓

Land 
acquisition 

and 
rehabilitation 

issues 

✓ ✓ ✓

Weather and 
force 

majeure-
related delays 

✓ ✓ ✓ ✓

Project 
changes and 

redesigns 
✓ ✓ ✓ ✓

Permit and 
approval 
delays 

✓ ✓ ✓

Stakeholder 
conflicts ✓ ✓ ✓ ✓

Poor resource 
management ✓ ✓ ✓

Inadequate 
project 

monitoring 
✓ ✓ ✓

Poor 
communicatio

n between 
construction 

parties 

✓ ✓

This phase of the research identified 182 publications 
related to project delays and data lakes, with 56 unique 
articles remaining after duplicates were removed. These 
articles, dating from 2006, were sourced from databases 
such as Scopus, Elsevier, and Web of Science. Following 
the identification of delays, theoretical propositions were 
formulated to address these delays, based on analysis of 
the initial data. Qualitative data was collected through 
semi-structured interviews with six stakeholders, 
including deputy managers experienced in data lake-
integrated projects, two project managers and two senior 
research followers actively involved in data lake-related 
projects. Table 3 shows the details of the interviewers. 
These interviews aimed to gather insights on the identified 
causes of delays, the theoretical propositions, and the 
impact of data lake processes and technologies in 
mitigating these issues. Interviewees are chosen for their 
efficacy in eliciting information about non-observable 
phenomena. The final stage involves formulating 
recommendations and conclusions derived from the 
content analysis of the collected interview data. This 
comprehensive approach, integrating data, information, 

and knowledge through the prism of a data lake, has the 
potential to revolutionise the landscape of effective data 
utilisation in highway construction projects, leveraging 
the vast reservoir of big data available, paving the way for 
a revolution in the field. 

Table 3: Details of the Interviewees 

Paramet
ers 

Stakeholders 
Exper

t 1 
Exper

t 2 
Exper

t 3 
Exper

t 4 
Expert 

5 
Expert 

6 

Designa
tion 

Deput
y 

Mana
ger 

Deput
y 

Mana
ger 

Proje
ct 

Mana
ger 

Proje
ct 

Mana
ger 

Senior 
Resear
cher 

Senior 
Resear
cher 

Experie
nce 

(Years) 
18 20 15 15 4 3 

Propositions 

The theoretical propositions of this study are drawn from 
a thorough review of the literature, focusing on the 
attributes of a data lake anticipated to contribute 
significantly to the mitigation of project delays. The study 
primarily explores the implementation of a data lake in the 
context of Indian highways, aiming to quantify its 
advantages vis-à-vis the prominent causes of delays. 
However, the study’s scope is limited to examining a data 
lake’s potential to improve communication, information 
flow, and coordination among project stakeholders.  
The study proposes further investigation into how a data 
lake can enhance communication and collaboration in 
highway projects (Nargesian et al., 2018; Giebler et al., 
2019). The existing literature research lays a robust 
foundation for the formulation of key propositions, 
integral to guiding interview questions design and 
subsequent data collection:  

1. Proposition 1: Implementation of a Data Lake in
highway projects enhances data visualisation and
construction process comprehension, thereby
mitigating delays in progress payments and
expediting client decision-making.

2. Proposition 2: Adoption of a data lake in NHAI
projects facilitates effective delay management
while fostering improved communication and
coordination between the client and other
stakeholders.

These propositions serve as the compass for the study, 
directing the formulation of insightful interview questions 
and the meticulous collection of data from pertinent 
stakeholders. This approach allows for a detailed 
exploration of the benefits and challenges inherent in 
implementing a data lake within the context of Indian 
highways, unravelling the untapped potential of data 
integration for practical usage in highway construction 
projects. 

Interview Analysis 

 Proposition 1: Implementation of a Data Lake in 

highway projects enhances data visualisation and 

construction process comprehension, thereby 
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mitigating delays in progress payments and expediting 

client decision-making. 

The efficacy of a data lake in highway construction 
projects is evident in its ability in visualising diverse 
datasets and operational aspects. Consolidating all data 
into a singular repository provides a comprehensive 
overview of project status, progress, and performance, 
enabling stakeholders to make data-driven decisions. 
Addressing concerns outlined in prior research such as 
Keane and Caletka (2015) and Du et al. (2018) pertaining 
to insufficient information about construction progress 
and communication gaps among stakeholders causing 
delays in progress payments and decision-making, the 
content analysis of interviews underscores the substantial 
benefits that implementing a data lake brings to the fore 
in managing delays and enhancing decision-making 
processes. 
The content analysis of interviews highlights that 
implementing a data lake in highway projects brings 
significant advantages for managing delays and 
improving decision-making. Data visualisation enables 
quick identification of concerns and prompt corrective 
actions. Access to centralised data facilitates decision-
making based on real-time insights. However, successful 
implementation requires understanding the data and 
selecting meaningful metrics. Transparent processes and 
workflows within the data lake enhance utilisation and 
support process improvement. It is important to note that 
implementing a data lake alone is not sufficient; it requires 
a comprehensive approach to leverage its benefits 
effectively. 
The interviews emphasise that the implementation of a 
data lake in highway projects significantly bolsters delay 
management and decision-making processes. The key 
insights derived from the content analysis illuminate 
critical considerations: 
1. Strategic Metric Selection for Visualization: Based

on the input from deputy manager-level stakeholders
and project managers who have experience with data
lake-integrated projects, it is unanimously agreed that
selecting meaningful metrics for data visualisation is
critical. This strategic metric selection ensures that
the visualised data is relevant and resonates with its
audience, which is crucial for effective decision-
making. Strategic metric selection in data lake is key
for enhancing business performance through a data-
driven approach. Metrics related to operational
efficiency, data integration, and business analytics
are essential for effective visualisation (Laurent et al.,
2020; Barbierato et al., 2021; Kumar and Chundi,
2023).

2. Expedited Decision-Making Process: The consensus
among interviewees highlights that the
implementation of data lakes significantly accelerates
the decision-making process by offering streamlined
access to comprehensive and centralised data,
fostering a culture of prompt and well-informed
decisions. Beyond speeding up decision-making, data
lakes bring technological advantages by improving

flexibility and scalability, democratising data access. 
They also transform the business paradigm by 
addressing big data challenges and driving digital 
transformation, ultimately enhancing business 
intelligence. By providing a centralised repository of 
virtually inexhaustible raw data for analytical 
activities, data lakes enable enterprises to profoundly 
improve their decision-making processes and 
business intelligence, thereby transforming their 
overall business paradigms (Terrizzano et al., 2015; 
Johny and Pillai, 2022).  

3. Visualisation of Project Status and Impact of Delays:

The interview findings highlight the significance of
visualising data pertaining to schedule overruns and
activity delays to enhance decision-makers’
understanding of project status, with projection of the
completion schedule offering insights into the
impacts of delays and enabling proactive mitigation
efforts. Data lakes at NHAI play a vital role in
democratising data access and supporting divers’
analytics tasks within enterprises. The data lake
structure comprises five layers, enabling effective
visualisation of project status by integrating multiple
time series data sets. The adaptability of data lakes is
exemplified by the NHAI dashboard, which positions
stakeholders of data lakes as invaluable tools for the
visualisation and analysis of project statuses (Fang,
2015; Mathis, 2017; Kumar and Chundi, 2023;
Schneider et al., 2023).

4. Process Establishment and Improvement: Interview
data affirm that data lakes play a pivotal role in
facilitating the establishment and documentation of
processes and workflows within NHAI. This analysis
helps in identifying areas that need improvement,
resulting in greater efficiency in overall processes.
Additionally, data lakes enable the use of advanced
data-driven analysis techniques, which significantly
aid enterprises in optimising the NHAI business
operations. This not only captures key process
parameters but also serves as a foundation for
rigorous analysis. The insights derived from this
analysis become instrumental in identifying areas for
improvement, ultimately leading to enhanced overall
process efficiency (Nagel et al., 2021; Schneider et

al., 2023).
In conjunction with the literature review propositions, the 
synthesis of interview findings underscores that the 
implementation of data lakes in highway projects has the 
potential to be a game-changer in decision-making 
through data visualisation. However, it is imperative to 
acknowledge that successful implementation necessitates 
not only adequate resources for maintenance and 
development but also the addressing of a discernible skill 
gap in data lake expertise. The collaboration and 
knowledge-sharing among industry professionals, as 
underscored by senior research follows actively engaged 
in data-lake-related projects, emerge as critical 
components for establishing best practices and standards 
in data implementation and data lake utilisation. The call 
to allocate resources for ongoing support, encompassing 
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infrastructure, data integration, quality management, and 
governance, resonates as a strategic imperative for 
organisations venturing into the realm of data lake 
implementation in highway construction projects.  
Proposition 2: Adoption of a data lake in NHAI 

projects facilitates effective delay management while 

fostering improved communication and coordination 

between the client and other stakeholders. 
In delving into the realm of effective data utilisation 
within highway construction projects, insights obtained 
from interviews with key stakeholders underscore the 
crucial role of a data lake in enhancing communication 
dynamics. The literature, supported by expert opinions, 
emphasises the importance of seamless communication to 
prevent delays, with inadequate exchange leading to 
suboptimal designs and planning (Saini, 2015). 
Interview analysis highlights the significant impact of a 
data lake on communication between clients and 
stakeholders, serving as a keystone for real-time updates, 
meticulous tracking of communication flows, and 
seamless access to relevant information within a 
centralised platform (Malacarne et al., 2018). This data 
lake design intricately reflects all communications within 
stakeholders’ dashboards, ensuring immediate action 
based on document flow, approval status, and remarks of 
respective officers. This creates a harmonised and 
transparent communication channel that fosters enhanced 
coordination, mitigating delays attributed to internal or 
coordination factors. The implementation of a data lake in 
highway projects not only improves communication but 
also streamlines decision-making processes, leading to 
more efficient project management and ultimately, 
successful project completion.  
In essence, the interview analysis manifests in phrases 
that unveil the data lake’s diverse role: 
1. Improving Communication between Clients and

Stakeholders: The interviews with key stakeholders,
including deputy manager-level experts in data lake-
integrated projects, project managers, and senior
research fellows deeply entrenched in data lake-
related endeavors, yielded profound insights into the
enhancement of communication dynamics between
clients and stakeholders. A pivotal observation
emerged: the strategic design of the data lake serves
as a communication nexus, seamlessly reflecting all
relevant interactions within stakeholders’
dashboards. This design ensures not only visibility
but catalyses immediate action on requests,
leveraging the dynamic flow of documents, approval
statuses, and remarks from respective officials.
The real-time updates from the data lake proved
instrumental in transforming project dynamics.
Stakeholders, armed with instantaneous information
on project status, documentation details, and
approvals, navigated a landscape of enhanced
coordination. This, in turn, emerged as a powerful
countermeasure to delays induced by internal factors
or coordination challenges. The interviews
underscored a paradigm shift in communication

dynamics, where the data lake became a pipeline for 
real-time collaboration and coordination, moving 
projects towards streamlined efficiency and reduced 
delays. 

2. Central Repository for Documents and Information:

In illuminating insights drawn from interviews with
key stakeholders, the data lake emerges as a central
repository for approved requests, project documents,
drawings, notices, and more. According to the
perspectives gleaned from two deputy manager-level
stakeholders intimately acquainted with data lake
integration, two project managers, and two senior
researchers who are deeply entrenched in data lake-
related projects, the data lake’s role as a document
repository is pivotal. This repository function, as
articulated by the interviewees, not only ensures the
organised storage of essential documents but also
stands as a safeguard against human errors. The
availability of information within this consolidated
data lake reduces the likelihood of oversights and
inefficiencies, contributing to smoother functioning.
Importantly, the improved accessibility to this
repository acts as a catalyst, streamlining processes
and, consequently, playing a significant role in the
reduction of delays within the context of highway
construction projects. The consensus among these
key stakeholders underscores the transformative
impact of a data lake as more than just a repository—
it is a dynamic facilitator that not only safeguards
against errors but actively contributes to the
efficiency and agility of project processes, aligning
seamlessly with the overarching goal of minimising
delays in highway construction projects.

3. Facilitating Prompt Resolution of Requests: In the
interview analysis, stakeholders with expertise in
data lake-integrated projects unanimously
highlighted the data lake’s instrumental role in
expediting request resolutions and curbing delays.
The real-time updates afforded by the data lake
emerge as a cornerstone for well-informed decision-
making, providing up-to-date insights that prove
pivotal in navigating project intricacies. The synergy
of improved coordination and communication,
facilitated by the data lake, contributes substantially
to the efficiency of project management. This
integrated approach ensures not only the prompt
resolution of requests but also an overarching
enhancement of project efficacy through streamlined
communication channels and data-driven decision-
making.

Conclusions and Recommendations 

The research, centered on leveraging data lakes to 
streamline Indian highway projects, crystallises into two 
pivotal propositions. The first proposition underscores the 
transformative impact of visualising data within 
construction endeavors through data lake implementation. 
This strategic utilisation addresses delays in progress 
payments and decision-making with unprecedented 
efficacy. The second proposition underscores the 
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instrumental role of data lakes in elevating 
communication and coordination among project 
stakeholders, thereby enhancing overall operational 
efficiency in delay mitigation. The study unequivocally 
concludes that data lakes represent a potent solution, 
offering substantial potential to rectify delays by 
optimising data management, communication, and 
coordination.  
In extrapolating these findings, the imperative for the 
NHAI becomes evident. Prioritising two key domains 
data governance and skilled professionals emerges as the 
strategic pathway to maximise data lake utilisation. 
1. Data Governance: Effective data governance is

essential for optimising the use of data lakes. To
achieve this, organisations should first establish a
clear data governance framework by setting clear
goals, such as ensuring data quality, securing
sensitive data, complying with regulations, and
forming a cross-functional team to oversee policy
implementation (Gillan, 2021). It is also important to
maintain detailed documentation and manage
metadata to keep data easily accessible and
understandable. Implementing role-based access
controls and maintaining audit trails helps protect
sensitive information and monitor data usage.
Organisations should classify data based on
sensitivity and handle it, accordingly, applying
necessary security measures for highly sensitive data.
Managing the data lifecycle by setting policies for
data retention, archiving, and deletion, and
conducting regular audits ensures data remains
compliant with legal and business requirements
(Brous et al., 2016). Continuous monitoring,
measuring effectiveness, and adapting governance
practices as necessary will maintain the data lake as a
secure, compliant, and efficiently managed resource.
This approach empowers organisations to fully
leverage their data lakes while ensuring data security
and compliance (Duzha et al., 2023).

2. Skilled Professionals: To effectively manage data
lake systems in the construction industry,
professionals require a combination of technical
skills and soft skills. Technical skills encompass
knowledge of data platforms like data warehouses
and data lakes, proficiency in data management tools
such as Delta Lake and Snowflake and understanding
of data processing strategies like those in Hadoop
(Kaur et al., 2023). Additionally, soft skills like
effective communication and presentation are vital
for managing both data and human resources within
construction teams. Professionals in the construction
industry must possess skills in sensor data analytics
and data science, including machine learning.
Understanding data analytics applications across
various construction phases is crucial. A
methodology integrating Building Information
Modelling (BIM) and Business Intelligence (BI)
tools enables collaborative data management. The
adoption of information communication technology
(ICT) facilitates decision-making and project

management (Huang et al., 2012). Managing data 
lakes requires proficiency in data platforms, 
management tools, and processing strategies. 
Investing in skilled professionals is crucial for 
deriving insights and optimising operations. The 
NHAI recognises the importance of this and focuses 
on recruitment, retention, and training programs. 
Collaborative efforts with academia and industry 
experts further contribute to bridging the skills gap 
and fostering innovation within the construction 
industry. This holistic approach ensures that data lake 
systems are managed efficiently, driving progress, 
and enhancing the construction sector’s 
competitiveness. 

By focusing on these strategic imperatives of data 
governance and skilled professionals, NHAI is poised to 
unlock the full potential of their data lake. This approach 
not only facilitates effective analysis of highway data but 
also enhances operational efficiency and safety measures 
across the expansive highway network. 
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Abstract 

Previous work on automatic compliance checking has 
targeted static descriptions of the built environment 
represented in Building Information Models. In contrast, 
this work examines the potential of semantic mark-up to 
capture and then apply health and safety regulations to 
live construction sites. There are significant differences in 
what constitutes a testable metric and what constitutes a 
fact when considering process rather than product 
compliance. Extensions to the RASE approach are 
defined and demonstrated to accommodate these 
differences. This leads to extending the concept of 
‘decidability’ with considerations around the relative 
‘timeliness’ of information.   

Introduction 

Previous work has applied the RASE  method to building 
regulations and other static assessments of building 
proposals. The paper examines how automated 
compliance checking of construction site processes  differ 
from the compliance checking of facility models. The 
attention on wellbeing, health and safety in construction 
(WHS) is widening from retrospective consideration of 
reconstructions of past accidents and near-misses 
scrutinized in enquiries and hearings (Pirzadeh et al., 
2017). Besides safety, compliance requirements provide 
rules that may be best assessed live, rather than 
retrospectively. Thus, WHS presents a suitable case to 
develop theory and practice on automated compliance 
checking for processes in construction work. 
There has been an increasing use of contemporaneous and 
real-time monitoring of construction activity on site 
(Cheng et al., 2013). This can support the immediate 
triggering of alarms and warnings about safety due to the 
proximity of incompatible entities, such as heavy plant 
and operatives. One source of the rules for such triggering 
is the legislation and regulations defining safety 
compliance. These rules can be checked against real-time 
construction activity data and static information about 
construction sites, such as project planning and resourcing 
(PERT) plans, 3D and 4D models and methods of work 
statements. This paper examines examples of real-time 
information sources and safety regulations to propose 
how semantic mark-up based on the RASE methodology 
(Nisbet et al. 2008) can be adapted to provide machine-
operable rules that can be evaluated continuously for 
automated compliance checking for construction 

processes. RASE is a mark-up approach that highlights 
the logical structure and metrics in documents, as 
illustrated below. 

Previous work 

There has been previous work on rules about construction 
sites, dynamic assessment in other sectors, rule capture 
and the representation of time in predicate logic.  

Many recent works have focused on ‘prevention through 
design’ looking for design features in static BIM models 
which may indicate specific hazards that may need 
consideration during construction planning (Johansen et 
al., 2023; Schwabe et al., 2019; Tekbas et al.,2020; Yuan 
et al., 2019). Shen et al. (2022) used the term ‘dynamic’ 
to refer to the importance of the sequence of processes 
anticipated when following work procedures. The target 
of the rule checking was a ‘4D’ BIM description and 
narrative. Rules were obtained by transcribing knowledge 
onto a product/activity/location template along with the 
hazard and solutions. Queries were accepted in free text 
with NLP being used to map terms to the template.  Bao 
et al. (2022) used a static BIM model and additional safety 
measures inserted automatically by third-party software. 
Scripts detected topological adjacency information. 
Sequencing was obtained from the project PERT 
(program evaluation and review) plan.  Rules were 
translated into SQL (structured query language) 
expressions. The outcomes were alerts within the BIM 
authoring platform with recommendations for 
improvements prior to construction commencing.  

Continuous real-time assessment of dynamic construction 
sites is being considered as an aspect of digital twins (Li 
et al., 2021). Teizer et al. (2022) proposed a combined 
view seeking to ensure safety through (a) design and 
construction planning, (b) risk detection and (c) learning 
and feedback. The choice of rules to be applied was left 
open.   

Pradhananga (2015) explored the tracking of heavy plant 
using GPS and the visualization of those tracks around 
work, hazard, material, travel, loading and dumping 
zones. Zones could be taken from GIS (geospatial 
information system) or BIM (building information 
modelling) information or deduced from the behaviour of 
vehicles. Productivity was measured by repetitive cycle 
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times.  Speed and proximity were detected as leading 
indicators for hazards. Xu (2023) developed a fuzzy-logic 
tree combining live monitoring weather, location and 
worker IoT feeds to generate a continuous feed assessing 
worker well-being and risk. Rules were acquired by 
agreeing decision tables and fuzzy logic tables of risk and 
association. Other sectors have similar needs but within a 
static built environment and with static operational 
patterns. For example, Yang et al., (2023) examined 
vehicle conflicts at airports. The work deduced rules from 
safety critical correlations between vehicle speeds, 
accelerations and convergence. Li et al. (2022) combined 
engineering and soil monitoring values to alert possible 
construction risks, using SPARQL (RDF query language) 
applied to the combined data sets. Nisbet et al (2023) has 
raised concerns concerning the use of SPARQL. 

RASE is a mark-up approach to identify the logical 
structure and semantic metrics in normative text, by 
identifying sections and phrases as Requirements, 
Applicability, Selections or Exceptions.  RASE has been 
applied to static rule situations such as comparing 
building proposals against planning (zoning) and building 
control (technical) regulations (Beach et al., 2020 and 
2023). RASE has been shown to be able to generate 
propositional and predicate logic statements (Nisbet et al., 
2022). RASE was selected for its ‘no-code’ approach 
offering transparency to both inspectors and constructors.: 
mark-up can be added, reviewed and, if necessary, 
improved, by domain experts. This ‘white-box’ approach 
is in contrast to conventional translation and 
programming which remains opaque to domain experts.  
Whereas most discussions of propositional and predicate 
logic assume a static context, built around the present 
tense, rules about live environments may need to consider 
‘temporal logic’ capturing the sequence of the processes 
of interest. This has extensive literature, given its 
importance in legal and contractual and computational 
analysis, summarized in Lamport (1994).   

There are two candidate modes for temporal logic, one 
based on representing events, and the other based on 
representing intervals. Temporal logic can be expressed in 
predicate logic by considering the role of four verb tenses. 
Ploug et al. (2012) summarised previous work including 
Prior and Kripke who proposed four tenses P “It has at 
some time been the case that …” F: “It will at some time 
be the case that …” H: “It has always been the case 
that …” and G: “It will always be the case that …” 
which can be combined to generate more complex tenses. 
In order to integrate event-based view into predicate logic 
the operators ‘before’ and ‘after’ can be used to relate two 
disjointed predicate statements.  

In summary, literature has focused on identifying 
invariant rules on facility designs and construction plans 
that must be true continuously but has not addressed the 

dynamic narrative around events on construction sites and 
the means to capture and apply such rules. There is a gap 
in the literature related this real-time assessment of 
construction process compliance.   

Method 

Given the uncertainties and lack of previous work, a 
design science research approach has been taken to 
explore and iterate towards a plausible approach. This 
allows the solution space to be explored without 
necessarily discovering all the limitations of the solution. 
Part of that solution space includes the use of existing 
ontologies around safety and built environment.   

This approach was supported by a workshop invitation 
issued by the Health and Safety Executive (HSE), a UK 
regulatory body, as part of their ‘Discovering Safety’ 
programme. The HSE encouraged the engagement of 
three commercial solution providers each addressing live 
construction site information, and the lead author as an 
information integrator.  

The following section examines some relevant theory and 
ontology resources. The next section then looks at the 
preparatory work applying RASE semantic mark-up to 
Clause 22 of the UK Construction (Design and 
Management) Regulations 2015 (C(D&M) 2015), prior to 
considering specific information sources. This paper then 
reports on experiments to examine information sources 
around some specific scenarios, how these map to target 
ontologies and how these information resources can be 
continuously tested. Each experiment iterated 
progressively towards an improved rule representation 
and a rule-engine to test its utility.  

Theory 

This section examines theory and ontology for safety 
compliance checking of construction processes including 
for the target model, for dictionary resources and for rules. 

Ontology for construction processes including health 

and safety 

Both IFC (ISO 16739-1, 2024) and classification 
standards (ISO 12006-2, 2015) use a four-layer model for 
the descriptive and narrative representation of the built 
environment. The top-most layer describes the built 
environment in terms of named locations and spaces. 
These spaces are defined and supported by physical 
objects. These physical objects are affected by processes, 
activities and events. The processes are supported by 
resources including actors and construction aids.  
This suggests that a tabular representation (Figure 1) can 
be used to track all the activities and timings (3) 
happening on the construction site with associated 
locations (1), products (2) and actors (4).  
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Figure 1: Tabular information model and sample 

In situations where there are multiple information sources 
available, a unifying ontology may be needed. IFC offers 
a comprehensive descriptive and narrative schema. 
Typical BIM models provide the physical product and 
some spatial location entities. To consider the dynamics 
of a construction site activity, tasks, events and actors are 
included in addition. Figure 2 shows the four IFC entity 
types in a tetrahedral arrangement. All six possible inter-
relationships are provided by three IFC objectified 
relationship entities. The ability to sequence activity is 
also illustrated in the sample. 

Figure 2: IFC ontology and sample 

Some information sources may lack structuring so 
consideration can be given to automated or manual RASE 
mark-up of diary and monitoring entries (Figure 3) either 
to read directly, obtain tabular information or generate 
IFC data. Figures 3, 4, 5 and 6 show Requirements in blue 
with underlining, Applicability in green with dashed 
underlining, Selection in purple with dotted underlining 
and Exceptions in orange with double underlining.  

Figure 3: Narrative text with RASE as an information model 

UK BSI PAS 1192-6 (2018) offers a model of safety risks. 
The comparability of risks in a shared risk register is 
supported by the consideration of likelihood and 
consequence. Likelihood is considered as the outcome of 
the effects of physical product (P), process activity (A) 
and spatial location (L). This ‘PAL’ model omits the 
consideration of the actors responsible for or engaging in 
activities so as to shift the emphasis away from operator 
error and towards systemic factors. This is intended to 
make safety risk information more shareable, 
generalisable and reviewable.  Regulatory considerations 
often additionally address actor roles so that responsibility 
and accountability can be assigned when compliance is 
assessed. Uniclass (2023) tables can be used to classify 
the locations (SL), products (Pr), activities (Ac), roles 
(Ro) and also the resulting risk (RK). 

Ontology for dictionaries 

Previous work has shown that dictionaries can be used to 
relate concepts from different domains, including relating 
names, descriptions and classifications and properties, or 
concepts from natural language and specific data schemas 
(ISO 12006-3, 2022). Nisbet et al. (2024) showed how 
ordinary text and tables can be marked-up to serve as 
dictionary resources.  

Ontology for normative knowledge 

RASE captures the ontology of knowledge embodied in 
First Order Logic. This can be summarized as an 
executable tree hierarchy of logical operators applied to 
objectives and testable metrics. Normative knowledge as 
a logical statement of how the world is required to be, may 
be wrapped in deontic logic around duties and obligations 
which  are usually handled externally by administrative or 
operational action. In the current example the action may 
include ‘enforcement’ by the HSE authorities.  

Preparations 

EU UK legislation and secondary legislation and 
regulations are publicly accessible. An example is EU 
Directive 92/57/EEC (EP 1992) which is implemented in 
the UK as the C(D&M) 2015 regulations that are 
applicable to most construction activity. These 
regulations comprise clauses 1-15 concerning the 
allocation of responsibilities and roles, and clauses 16-39 
which define ‘general requirements for all construction 
sites’. Clause 22 considers the steps expected for the safe 
execution of excavations. Sub-clause 22(1) is problematic 
in that it refers to ‘all practicable steps’ and the ill-defined 
qualification ‘if necessary’. This sub-clause will be 
considered in the Discussion section. The text of clause 
22 is available as HTML and has been marked up with 
RASE (Figure 4)  using ‘AEC3 Require1’ (AEC3, 2024). 

Sub-clause 22(4) is a particularly significant clause in that 
it explicitly bans construction work within excavations 
unless certain conditions are met. The Requirement is that 
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no construction activity is carried out. This has 
Application to excavation locations but only if a Selection 
from supports and battering (sloping sides) is present. A 
substantial Exception then identifies the events which 
should trigger an inspection and satisfaction. Whilst most 
of the events are discrete and independent, the inspection 
and satisfaction are related and dependant to those events. 
This relationship is not captured by the visible mark-up. 
However, each RASE mark-up can contain metadata 
which can be made visible when a mouse hovers over the 
mark-up (‘mouse-over event’). Previously this metadata 
has given each mark-up an identifier ‘id’ and the naming 
of the RASE class ‘Type’. Optionally metrics can have 
‘Property’, ‘Comparator’, ‘Target’ and ‘Unit’ added to 
deconstruct any numeric metric. Optionally sections can 
have a ‘Outcome’ to record where any intermediate 
outcome is of interest. In HTML each piece of metadata 
is stored as an attribute on the tags, prefixed with ‘data-
rase’ which combines the convention for extensions to 
HTML markup with a RASE specific identifier.  

Figure 4: RASE markup of Clause 22 

One way of understanding this complexity of related 
events is to ask what it is that potentially fails. It is not the 
individual events, nor the excavation but the sequence of 
events and inspections – the timeline – that passes or fails. 
Some metrics depend on the state of the excavation, in 
terms of the presence or absence of ‘work’, ‘supports’ and 
so on. Based on the work on ‘temporal logic’ discussed in 
the literature review section, it is necessary to record that 

certain events such as ‘inspections ‘and ‘satisfactions’ are 
not only required but must be in a specific relationship to 
the events and states, specifically coming later in a 
timeline.  

This means that the requirement for inspection is actually 
for a ‘subsequent inspection’ and the requirement for 
satisfaction is actually for ‘subsequent satisfaction’. The 
‘subsequent’ test is in each case relative to a previous 
entry in the timeline. This can be achieved by adding an 
additional item of metadata ‘Reference’ which can ensure 
that the test for an inspection is applied, not to the whole 
timeline (has there been an inspection ever?) but to the 
timeline since the triggering event (has there been an 
inspection since that triggering event?), and similarly  can 
ensure that the test for ‘satisfaction’ is applied, not to the 
whole timeline (has there been a  satisfaction event ever?) 
but to the timeline since the inspection event (has there 
been satisfaction since that inspection?).  

With this addition, the marked-up regulation can be 
reported back, for example as a conceptual graph (Solihin 
et al., 2015) of distinct metrics as seen in figure 5.  

Figure 5: Reflection of Clause 22(4) as a conceptual graph 

Reviewing the list of metrics, it is clear that some terms 
need synonyms. These can be plain language synonyms, 
or can relate the terms to the table headings (Figure 1) or 
IFC concepts (Figure 3). Such synonyms can be provided 
for locations, products, activities and roles. Within a 
specific project, there may further synonyms, for example 
‘SE1’ may be synonymous with ‘Simon Engineer’ or 
‘se1@enginering.com’. Both the general and the project 
dictionary can be held as RASE documents (figure 6), or 
in a database service.  

1. 

Figure 6: Example dictionary entry 
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Experiments 

Two scenarios were investigated. In each, the site diary 
and site monitoring data streams were available as 
separate timelines. These were provided by the 
participants as anonymised examples based on actual site 
data. The site diary is maintained by the site supervisor, 
logging the significant events. Many site-based (‘field’) 
and construction management solutions offer applications 
to support this activity, including AI-supported voice-and 
video recording. Site monitoring is dependent on the use 
of electronic tagging of individuals via their construction 
hard-hats and vehicles via secure attachments. The 
specific application used also supported the representation 
of polygonal safety zones defined from 4D BIM or other 
inputs.  
Some safety issues were detectable by considering a data 
stream alone.  In experiment 1, site monitoring can create 
a timeline where checking Clause 22(4) can detect if work 
is being conducted in an excavation. There is a vehicle 
incursion into the excavation zone, which is detected by 
the site monitoring. This is event is defined as potentially 
affecting the stability of the excavation, but work 
continues, so immediately the rule-engine reports that the 
site is non-compliant because although a visit by the site 

engineer has been detected, no acceptance can be sensed 
(Figure 7).   

 

In experiment 2, the number of aspects that can be 
checked for compliance expands considerably by 
combining data streams. In this second scenario, a shift 
starts, there is a fall of earth and so supports are installed. 
Supplying the rule-engine with a combined data stream 
from the site diary and the site monitoring highlights that 
the excavation was compliant up until the supports were 
installed but before the excavation had been inspected. 
Once inspected and approved, the excavation reverts to 
being compliant (Figure 8). 
Overall, two experiments using the live collation of 
information were used to assess the compliance of a 
construction site. Alerts have been generated when the 
excavation is in a non-compliant state. Any alert can be 
supplied to the site supervisor, site engineer and/or the 
operatives concerned. These alerts are exactly defined by 
the sense of the original regulatory text, and potential 
remedies are suggested.  

Figure 7: Non-compliance detected but unresolved from site monitoring alone (experiment 1) 

Figure 8: Non-compliance detected and resolved from combined sources (experiment 2) 

Temporary non-compliance (in the examples a matter of 
minutes) may be felt to be too strict. There is no guidance 
or common knowledge as to what period of time is 
reasonable before compliance is to be re-established. 
Reasonableness will depend on what action is attached to 
the lapse. If an alert sounds on a mobile device, then 5 
minutes might be appropriate. If a siren or alarm sounds, 
then a longer period may be more appropriate.  

Discussion 

This paper has addressed the question of how rules for the 
continuous assessment of safety compliance within a site 
context can be obtained and made operable explicitly and 
without specific coding. The experiments have shown that 

some clauses of the C(D&M) 2015 regulations can be 
assessed in ‘real-time’, but others may be problematic as 
they lack ‘decidability’ due to the temporality of the 
evaluated processes. 

Decidability 

Zhang et al. (2022) identified four kinds of ambiguity in 
normative text which pose obstacles for decidability in 
automated compliance checking. These are (1) 
intentional, (2) grammatical, (3) tacit knowledge and (4) 
domain-specific. A dictionary can hold the collective tacit 
knowledge, domain-specific mappings and agreed 
analytic tools to address these obstacles (Beach et al., 
2023). In addition, some C(D&M) clauses are ambiguous 
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if taken as metrics defined by examination of the 
information sources, but if read as objectives, defined by 
satisfying subsequent clauses, these can be evaluated. We 
can distinguish testable metrics from objectives, even if 
their appearance in source regulations appear similar. 
Previous assumptions about the exclusion of clauses by 
consideration of the internal characteristics have been 
replaced with criteria relating to this external context.  

Table 1: Obstacles to decidability 

Obstacle Description (and 
resolution) 

C(D&M) 

2015 

examples 

Grammar Two or more possible 
parsings (resolved by 
mark-up). 

’work 

equipment or 

material’ 

(see 22(3)) 

Ambiguity Two or more 
assessment methods 
(resolved in dictionary). 

‘adjacent’ 

(see 22(1)) 

Subjectivity No common assessment 
method. 

‘practicable’ 

(see 22(1)) 

Objective Dependant on following 
sections and metrics 
(resolved by mark-up or 
omission). ‘danger’ 

(see 22(1)) Temporality No information or 
authority available. 

Thus, decidability is dependent on managing grammar, 
ambiguity, subjectivity and additionally ‘objectives’ and 
‘temporality’ (Table 1). Grammatical ambiguity can be 
resolved by domain experts when performing the RASE 
markup. In the example it could be that either all material 
or only work material is meant. Other ambiguities need to 
be resolved by developing the intermediate dictionary so 
that there is a common and singular matching of 
regulatory and descriptive/narrative models, for example 
‘adjacent’ is untestable unless the dictionary provides a 
plausible distance. Subjectivity, for example 
‘practicable’, arises where perceptions can differ 
completely between applicant and inspector. This 
identification of sections as objectives can be resolved by 
mark-up or its omission. On the other hand, ‘temporality’ 
depends on the distinction between leading and live 
indicators of the state of the construction site as opposed 
to trailing outcomes such as ‘buried or trapped’ in clause 
22(1c)  (Table 2).  

Table 2: Safety and compliance indicators 

Category Description Safety 

examples 

C(D&M) 

2015 

examples 

Leading 
indicators 

Predictive 
metrics 

Safety 

management 

underway 

Clauses  

1-15

Live 
indicators 

Direct 
metrics 

Inspections 

and 

satisfactions 

Clauses 

16-35 

Trailing 
indicators 

Outcome 
metrics 

Safety 

records and 

evidence 

 Clause 

22(1c) 

Leading and live indicators may be available from 
documentation or from contemporaneous recordings by 
sensors and participants. These sources can be combined 
in a unified information model accessible to a rule engine. 

Trailing outcomes are frequently referred to in the first 
sub-clause in each C(D&M) clauses 16-35. The 
construction of such sentences gives them a similar 
appearance to ‘actual’ requirements, the difference being 
that the value of the individual metrics is knowable only 
in retrospect. These can be handled either by deliberately 
not marking them up or by developing a ‘Future World 
Assumption’ (FWA) that requirements and exceptions 
may be taken as positive but applicability and selections 
may be taken as negative, at least until they become 
knowable. 

Within in the DRSM (design science research method) 
framework, the evaluation of the user acceptance of the 
outcomes is postponed until the artefact has been 
developed. Such evaluation would need to take into 
account a number of different organisation contexts into 
which a live compliance checking system could fit, such 
as private to the constructor, private to the inspectorate or 
accessible to both the constructor and inspectorate.  

Conclusions 

Automated compliance checking has previously been 
focused on static descriptions of a facility. This work has 
shown that the RASE methodology can be extended to 
capture the expectations for dynamic contexts such as 
construction sites, especially the relative timing of 
separate requirements. Using a suitable ontology to track 
real-time events can structure the increasing availability 
of real-time information on construction sites so as to 
support the continuous assessment of compliance, such as 
safety compliance. Definitions of compliance may mix 
leading, live and trailing metrics which can affect the 
‘decidability’ of those rules. The decidability of 
individual metrics within regulations depends on 
addressing ambiguity, subjectivity and especially the 
‘temporality’ of information availability. Whilst the other 
barriers can be resolved (as listed in Table 1), the use of 
metrics having trailing ‘temporality’ can only be resolved 
by treating these as ‘objectives’.  This represents a 
contribution to the real-team process compliance 
checking in construction.  

A limitation of this work has been the limited choice of 
clauses as examples, and the limited number of 
information sources used. Further research could be less 
selective about the clauses considered so as to confirm the 
completeness of the approach used here. Other leading 
and real-time information sources, such progress charts, 
could be integrated.  
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Further work is being proposed to broaden the number of 
use-cases supported by the mark-up of construction 
regulations.  This could include decision support tools and 
educational and training experiences. 
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Abstract
A Digital Building LogBook/Passport (DBL/DBP) is a
repository for static ”as built” and dynamic ”Key Per-
formance Indicators (KPIs)” throughout the life cycle of
the buildings. This ongoing research uses the seman-
tic mapping approach to analyse and compare the current
recommended DBL/DBP models to identify the similari-
ties/differences between them. The findings of this inves-
tigation show that due to the lack of comparison studies
on DBL/DBP models in academic literature, the similarity
percentage between proposed categories and elements is
very low, and a knowledge-based method would be needed
that makes the comparison not straightforward. In partic-
ular, the lack of metadata caused an increasing uncertainty
percentage of elements. The focus of this paper is on as-
sessing the DBL/DBP models (comparison of categories
and elements, metadata evaluation), further work is needed
to develop an integrated model.

Introduction
Buildings account for 40% of total energy consumption in
the EU and are a major contributor to greenhouse gases
(GHG) and energy consumers globally (Koltsios et al.,
2022). Current European regulations aim to achieve the
Paris Agreement as a nearly zero operating energy target in
buildings (Ahmed et al., 2022). Net-Zero energy buildings
are defined as a building or construction that has a zero-net
consumption of energy or zero carbon emissions over a set
period (Sartori et al., 2012) and are classified into four
types: zero-energy sites, zero-emissions buildings, zero-
energy sources, and zero-cost energy buildings (Ahmed
et al., 2022). Space heating, hot water production, lighting,
and the operation of various electric appliances, all use
operational energy and account for the majority of total
life cycle energy use (Vourdoubas, 2017).
Collecting Net-Zero emission building data in a single
repository facilitates monitoring of greenhouse gas emis-
sions across the entire life cycle of constructed assets
within global, regional, and national frameworks (Soci-
ety, 2020). Implementing a unified repository enables the
thorough tracking and analysis of emissions data, hence
facilitating the identification of patterns, trends, and areas
that require improvement. Decision-makers can then use
this information to guide the creation and application of
strategies and policies to help the built environment reach

Net-Zero emissions targets.

Building LogBooks and Passports
Töpfer (1997) introduced the first definition of a Build-
ing LogBook (BL) as a tool to improve the transparency of
technical properties, standards of building services, quality
of use, and operation costs of buildings by communicating
comprehensive information to clients and buyers of the
new property, developers, and real estate agents. The term
”Building Passport (BP)”, has now replaced the Building
LogBook. A BP is a simple format for presenting both
the ”birth certificate” and ”health certificate” of a build-
ing. The birth certificate specifies the key performance
elements of the building to operate sustainably during the
design process or after the first year of operation (Virta
et al., 2012). The ”health certificate” compares the build-
ing’s operation to previous years’ operations and provides
a short and long-term repair and retrofitting plan (Virta
et al., 2012). The Global Alliance for Buildings and Con-
struction (GlobalABC) defined the BP as a repository for
all construction types and real estate activities throughout
the life cycle. It will be able to create and update itself,
feed on data from various data sources (e.g., Internet of
Things (IoT), and Digital Twins (DT)), and enable effective
virtual representations of physical assets UNEP (2020).
Semantic mapping analysis is the process of calculating
the relationships between texts based on the semantic sim-
ilarities methods. These methods combine automatic and
knowledge-based measurements, to determine similarities
and differences between phrases and sentences based on
their meaning (Chandrasekaran and Mago, 2021).
This paper provides an overview of current BP/BL mod-
els to identify their main differences and similarities with
semantic methods (see Experiment section), which are the
fundamental basis to assess the potential for creating a sin-
gle integrated model. Understanding the variation between
models helps in fully comprehending the primary (mini-
mum, lowest common denominator) BL/BP data elements,
by examining element commonality and similarity. It also
enables the development of a fully comprehensive model
that covers all elements of all BPs. Both models help to
organize data in a way that reflects the relationships among
different pieces of information that can be understood by
both technical and non-technical users, which is crucial for
effective decision-making and system development.
This paper only explores approaches currently available
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from the literature, and hence the effort required to inte-
grate these data sources. The resulting integrated model
is aimed to be used by various use cases, who will be
able to develop a sub-set (view) on the model that contains
only the data that they require, and hence identify how to
source the required data in the different passport contexts
and countries, greatly reducing the time for data discovery
and integration.

Experiment
Current DBL/DBP initiatives
Numerous research initiatives received funding through
the European Horizon 2020 program to encourage in-
creased energy renovations across the European Union.
EU Commission study (EU) proposed a DBL data model
to enhance energy efficiency and sustainability (Dourlens-
Quaranta et al., 2020). As part of the iBRoad project,
Libório et al. (2018) proposed a BL data model to sup-
port the implementation of a building’s renovation road
map for single-family houses based on occupant needs
and preferences. As part of the ALDREN project, Sesana
et al. (2020) proposed a tailored conceptual building Ren-
ovation Passport model to understand the state of the non-
residential buildings and inform building owners about
the technical energy performance status. Within the X-
tendo project, a BL model that can be attached to the
EPCs to inspire the next EPC generation was proposed
(Toth et al., 2021). The EUB SuperHub project proposed
a DBL model to achieve the EU’s sustainable buildings
(Malinovec Puček et al., 2023). The DBL report used
the existing European INSPIRE initiative and proposed
the DBL semantic data model (van der Ende et al., 2023).
A green Building Renovation Passport (UKGFI) was pro-
posed to enable data for energy performance estimates and
retrofit assessments in (Small-Warner and Sinclair, 2022).
THE BIM4EBB1 developed an interoperable BIM-based
toolkit for efficient building renovations. The BIM4Ren2

proposed workflow for the renovation process and infor-
mation requirements.
The GlobalABC proposed the main contents of BP based
on the integration of Woningpas3, the Building Renovation
Logbook initiative, Ukraine4, and the Building data Col-
lection initiative (UNEP, 2020). Miller (2016) developed
a BP to capture building energy efficiency data on resi-
dential buildings. Within the chronicle5 project, a DBL
framework is developed to achieve sustainability targets
and long-term maintenance and renovation plans. Na-
tional initiatives such as Madaster6, Passeport Efficacité
Énergétique7, PAS-E8, BASTA Logbook9, Property Log-

1https://www.bim4eeb-project.eu/
2https://bim4ren.eu/
3https://woningpas.vlaanderen.be/
4https://eeplatform.org.ua/
5https://www.chronicle-project.eu
6https://madaster.com
7https://www.experience-p2e.org/
8http://pas-e.es//en
9https://www.bastaonline.se

book10,and Building Renovation Logbook11, do not pro-
vide an official data model. The initiatives that provided
the data model are listed in Table 1.

Previous Attempts at Integration
Although the approach of integrating BL/BP models was
not addressed before, various Energy Performance Certifi-
cate (EPC) integration initiatives exist ((EPC and BP are
the sources of a building’s operation consumption and
energy performance)). Serna-GonzÁLez et al. (2021)
proposed a harmonization EPC data model by combin-
ing models from Italy and Spain. The Hale Studio tool
was used to map the target data model to the source
data model(Serna-GonzÁLez et al., 2021). Popa et al.
(2022) created an integrated EPC model from England,
France, Scotland, and Ireland to determine a dwelling’s
energy performance rating. Pouliot et al. (2018) used the
Open II (Open Information Integration) tool to compare
the geospatial standards from syntactic, structural, and se-
mantic points of view. The Hale Studio 12 and OpenII 13

are powerful data transformation and harmonization tools,
which don’t include functionality for comparing and iden-
tifying similarities between texts.

Semantic similarity
Semantic similarity is a technique for assessing the de-
gree of semantic equivalence between two texts, provid-
ing a quantified measure of similarity instead of a binary
determination of whether they are similar or dissimilar
(Chandrasekaran and Mago, 2021). Existing methods for
short text similarity calculation can be roughly divided into
two categories: word-level semantic-based and semantic
modelling-based (Yang et al., 2021).
word-level semantic-based: The similarity of two short
texts is calculated by aggregating the similar words in
both texts, including knowledge-based and corpus-based
methods.

• Knowledge-based methods: This method uses the
shortest path method (Yang et al., 2021), Lexical
(Farias et al., 2016), and syntactical similarity (Costin
and Eastman, 2019), with the knowledge-based ap-
proach to computing the semantic similarity between
two short texts (Chandrasekaran and Mago, 2021).
This approach allows for a representation of human
common sense and demonstrates improved perfor-
mance compared to other methods (Yang et al., 2021).
The main drawback of shortest path and lexical, re-
spectively, is that the texts must be synonymous, and
the lexical technique only considers zero and 100%
similarity. The syntactically similar measure quanti-
fies the similarity of two text strings for approximate
string matching or comparison. For example, the

10https://www.propertylogbook.co.uk/
11https://eeplatform.org.ua/
12https://wetransform.to/halestudio/
13https://sourceforge.net/projects/openii/
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strings ”Sam” and ”Samuel” are similar and have the
same character sequence (Pradhan et al., 2015).

• Corpus-based methods: This method extracts the
context information of words from large corpora and
then induces the distributional properties of words
(Yang et al., 2021). It does not capture the seman-
tic relationships between words. It treats each term
in isolation, without considering synonyms, related
terms, or context.

Semantic modelling-based: Semantic modelling-based
methods model a text as a whole to obtain the semantic
vector and calculate the similarity of two short texts by
performing algebraic operations on the obtained vectors
(Yang et al., 2021).

• Explicit Semantic Representation: ESR models fo-
cus solely on word-level representations, overlooking
the valuable information conveyed by syntax (Yang
et al., 2021).

Methodology
To evaluate the potential of combining existing BP towards
creating a comprehensive passport model, their similarities
and differences in elements (attributes) classification, and
metadata availability need to be investigated. The overall
approach is organized as follows:
Step 1: Identify LogBooks/Passports. This included
a comprehensive literature review, using the following
search terms in the Google Scholar engine in all fields
of the publications, such as titles, abstracts, keywords, and
the entire text of the papers: ”LogBook”, ”Building Log-
Book”, ”Building Passport”, ”Material Passport”, ”Dis-
trict LogBook”, ”Building Renovation Passport”, ”Green
Building”, ”Building Certificate”. Publications from 2000
to 2023 in the form of journal and, conference papers were
searched, with language limited to English to allow for
semantic matching.
Step 2: High level comparison. The papers that provided
information about the BP structure and classification were
selected and reviewed to identify the detailed data model
presence that could be used for comparison, and the pres-
ence of metadata describing the model. Following this
stage, BPs with sufficient detail for semantic comparison
were selected. To enable the comparison process, a single
BP was selected, to be the model to which all other models
will be compared.
Step 3: Detailed data model comparison for the selected
BP

• Format, type, and level of classification investiga-
tion: This step involved understanding how different
elements in the models are classified (grouped), the
types of classifications used, and the hierarchical clas-
sification level.

• Manually Transfer Models into Excel: The mod-
els were initially in PDF format, and for the initial

comparison, each model was manually entered into a
distinct Excel sheet. This involved taking each ele-
ment in the model and manually typing it out into the
corresponding sheet. A sheet was created for each
classification identified above, with a column created
for the elements from each BP.

• Exclude the dynamic data: To evaluate the infras-
tructural elements of BP and due to the different na-
tures of static and dynamic data, the dynamic ele-
ments were excluded.

• Import into a Database: SQL (Structured Query
Language) is commonly used for querying relational
entities (Date, 2011). Each sheet model in CSV for-
mat was imported into a database; i.e. one entity (ta-
ble) was created for each classification for each BP.
This enables semantic comparisons to be performed
using Transact-SQL queries.

Step 4: Semantic comparison. The similarities and
differences between the classifications and elements of
each model by the other models were examined. The
knowledge-based and syntactical methods were used to
conduct a more detailed semantic comparison of the cate-
gory and element at the static information level. The LIKE
query was executed to model the syntactical method, which
allows finding all textual elements similar to the source el-
ement. This method is acknowledged as a semi-automatic
method in this paper. The following is the comparison
process:

• Identifying the elements with similar terminology:
A semi-automatic method was used to find textually
similar element names.

• Identifying the elements with similar meaning
but different terminology: A knowledge-based ap-
proach was used to find the elements that did not share
the same terms but were similar in meaning. Where
available, metadata was used where this was not avail-
able a comprehensive exploration of the documenta-
tion was undertaken to confirm any interconnection
between the data element names.

• Identifying the elements with similar terminology
potentially different meaning: As above, after us-
ing the semi-automatic method, a knowledge-based
approach was used to review and clarify the elements,
using metadata and BP documentation where possi-
ble.

• Identifying the elements with uncertain meaning:
A final category of elements are those where the
meaning is uncertain and where the documentation
and metadata do not provide sufficient clarity to match
the elements.

Step 6: Key information comparison. The main BP
content proposed by the GlobalABC UNEP (2020) was
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compared to categories and elements of identified models
to assess their similarity.
Step 7: Similarity methods comparison. The av-
erage similarity percentage was examined to determine
whether semi-automatic or knowledge-based approaches
performed better.
Step 8: Statistical analysis. Aggregating all of the out-
comes above, the similarity percentage between categories
and elements was calculated to assess how much informa-
tion could be collected from each model. Elements with
a high level of certainty were chosen for analysis, while
those with unclear meanings were excluded. It is impor-
tant to note that elements lacking consistent terminology;
i.e. where meaning was uncertain, have been removed
from the analysis.

Results
Analyzing BL/BP models
A total of 7 BL/BP data models were identified and sum-
marised in Table 1. They have a different number of cate-
gories that provide different information. The first column
of the Table 4, Table 5, Table 6, Table 7, and Table 8
provides the category description.

Table 1: Summary of Identified BP

Performing semantic comparison
A preliminary comparison was performed to select a more
complete model regarding the building’s fundamental ele-
ments. EU and X-tendo models provided more information
on the buildings, and EU was selected as a starting point.
In the semi-automatic part, a script with the LIKE operator
was executed per category, and the identified elements with
the same input terms were displayed in the results. Similar
results were then imported into the repository, which was
used for the next comparisons. This process was repeated
for each model until it reached the final one, allowing
all models to be compared. It is important to note that
some steps were iterative since previously analyzed infor-
mation had to be reanalyzed several times along the line,

as the need to understand the problem better increased in
subsequent rounds. The following are some illustrative
examples of the comparison process.

• elements with similar terminology: The ”Floor
area” element in the EU model’s *Building descrip-
tions and characteristics* category, was identified as
a match by the automated checking process to the
”Total floor area (unheated and heated area)” in the
EUB model’s *General Building Information* cate-
gory, ”Floor area” in the X-tendo model’s *Building
descriptions and characteristics* category, ”Net floor
area” in the iBRoad model’s *General and adminis-
trative information * category and ”Floor area and
building volume” in the UKGFI model’s *Building
type* category.

• elements with dissimilar terminology but similar
meaning: The ”Building information model/Design
and plans of the building” element in the X-tendo,
EU model’s *Building descriptions and character-
istics* category, could be assumed to be similar
to the ”Layout of the whole building for multi-
unit properties (i.e. block of flats, terrace hous-
ing) ” in the UKGFI’s *Building type* category, and
”3D model/Architectural plans” in the EUB model’s
*Building Documentation BIM* category. One of the
main limitations of an automated approach is identi-
fying similarities, where there are no identical terms
between models.

• elements with similar terminology but uncertain
meaning: The ”Address” has been considered in
the EU and X-tendo models’s*Administrative* cate-
gory, which is undefined and is related to the building
owner’s address, occupier address or the building’s
address. The meaning of the ”Storage” element in the
X-tendo model’s *Building descriptions and charac-
teristics* category, and the ”Energy supply and stor-
age” in the UKGFI’s *Building Services* category
are unclear.

• elements with uncertainty meaning: The meaning
of ”Renewable energy systems” in the EU model’s
*Building descriptions and characteristics* category,
”Any existing and planned local energy schemes”
in the UKGFI model’s *Building Service* category,
”Optimizing self-consumption of locally generated
energy” in the ALDREN model’s *Technical system*
category, and the ”isDescribedByNativeGIS” in the
DBL report’s *Location* category, are unclear. In
the EU and X-tendo models, the ”U value of different
components” is proposed as an element in the ”Build-
ing Performance” category, although its meaning and
definition are unclear.

• elements with uncertainty metadata: The descrip-
tion of ”Ventilation systems” or ”Cooling systems” in
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iBRoad model’s *Building construction information*
category is ”Description of the building ventilation
systems” and ”Description of the building cooling
systems”, which do not encompass the essential re-
quirements that should be incorporated into it.

duplicated elements: The ”Safety Manual” proposed in
the EU model includes building operations and mainte-
nance, and security procedures, whereas the ” Mainte-
nance records and information” element, also has been
proposed by EU, X-tendo, UKGFI, and iBRoad models.
The ”Building pictures” in the EUB report’s *Building
Documentation BIM* category was repeated in the EUB
report’s *General Building Information* category.
Our results demonstrated that significant progress in defin-
ing a comprehensive BL/BP model has been made, though
there is still a lack of interoperability between elements,
data consistency, metadata availability, and information
exchange.

Comparing some key information

The percentage of similar elements proposed by more than
3 models is 6 %, and the similarity percentage between el-
ements is low (See section Statistical analysis), making it
challenging to identify the key elements. Table 2 compares
the main content proposed by GlobalABC and identified
BP models (categories and elements). As can be seen, in
some cases, the contents are similar to the group of model
elements (e.g., Building description, Technical features,
Use and operation). In these cases, similar elements were
found using the knowledge-based method in addition to the
semi-automatic method. The semi-automatic method was
used to find similar elements to the *Contracts*, *Material
inventory*, *Building description*, *Operation*, *En-
ergy Performance Certificate*, and *Maintenance*. The
knowledge-based was performed to find similar elements
to the *Identification of buildings*, *Identification of the
plot*, *Material inventory* and *Technical features*. The
models did not include the *Environmental performance
and carbon footprint*, *Surfaces*, *Dismantling and re-
cycling strategy*, *Results of user satisfaction survey* and
*Certificate* elements. The EUB model only incorporated
the *Proof of maintenance* (as the maintenance report el-
ement), *Design documents* (as the Architectural plans
and As-built plans), and *Operational cost*.

Comparing similarity methods

Table 3 compares the semi-automatic and knowledge-
based methods. The similarity was calculated by the av-
erage number of similar certain and uncertain elements
(elements were unclear or did not have similar words but
were similar in their meaning) by the total number of its
elements. The semi-automatic method performed better
for the X-tendo and EUB models, while the others were
processed using the knowledge-based approach.

Table 2: Comparison of some key information

Table 3: Comparison of similarity methods

Performing statistical analysis
The similarity percentage of classifications for each model
to the other models was calculated by the average number
of similar categories divided by the total number of cat-
egories in the model. The EU model with 57%, X-tendo
with 57%, and EUB with 51 % were the most identical to
the other models. ALDREN with 40%, iBRoad with 35%,
DBL report with 25%, and UKGFI with 10 % were in the
subsequent ranks. As can be seen in Table 4, Table 5, Ta-
ble 6, Table 7, and Table 8, the ”Building Documentation
BIM” category is not included in the other models, or the
”Envelope” category of the ALDREN model is relevant
to the ”Building construction” category of iBRoad. The
location element has been considered in the other models
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but not in a separate category; ALDREN’s model is the
only one considered a category for location.
Table 4 demonstrates the similarity percentage of EU ele-
ments to the X-tendo, EUB, ALDREN, iBRoad, UKGFI,
and DBL report models using the semi-automatic and
knowledge-based methods. It was calculated by the num-
ber of similar elements with clear meaning in the EU model
by the total number of its elements. Table 5, Table 6, Ta-
ble 7, and Table 8 shows the similarity comparison for the
other models. As can be seen, the overall matching per-
centage in terms of category and elements, with X-tendo
and then EUB, is significantly higher than with the other
models. The low percentage of similarities arises from
diverse elements incorporated within the same categories
across different models. For example, ”Building age” is
part of the iBRoad ”General and administrative informa-
tion” category, while the ”Year Built” is included in the
EU ”General Building Information” category.

Table 4: EU similarity comparison with X-tendo, EUB,
ALDREN, iBRoad, UKGFI, DBL report

Table 5: X-tendo similarity comparison with EUB, ALDREN,
iBRoad, UKGFI, DBL report

Discussion
The BL/BP is a summary of all the key information about
the building, including the original design, commission-

Table 6: EUB similarity comparison with ALDREN, iBRoad,
UKGFI, and DBL report

Table 7: iBRoad similarity comparison with UKGFI, DBL
report & UKGFI to DBL report

Table 8: ALDREN similarity comparison with iBRoad, UKGFI,
DBL report

ing, and handover details, and information on its man-
agement and energy performance, the material used, sus-
tainability performance, indoor environmental quality, and
potential energy throughout the building life cycle (Small-
Warner and Sinclair, 2022).
The main purpose of our approach was to evaluate the
differences and similarities between the data models that
underpin each BP and assess whether semi-automated or
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knowledge-based approaches would be useful to create an
integrated data model of the various BP. This work showed
that the currently proposed BL/BP models, firstly have
different categories (groupings or classifications of ele-
ments) which, when examined in detail, overlap in some
cases and are not aligned with the proposed categories by
GlobalABC (UNEP, 2020). This adds a layer of com-
plexity to the potential for automated integration, which is
further complicated by the fact that elements (attributes)
within each classification sometimes overlapped or were
included in different groupings in the different BP. Un-
derpinning the automation challenges are gaps in the lack
of an agreed and standardized conceptual BL model ac-
companied by detailed metadata, which would provide
clear element definitions, including the data type, and suf-
ficient data descriptions. This could be further compli-
cated when it is considered that not all these BP originals
in English-speaking countries - and local terminology -
and translations- could cause additional issues. Method-
ologically, the use of text-based comparison (LIKE) for
matching could also introduce false positives (See section
Step 4 for examples) and manual checking was required
to validate the results. The approach of selecting a sin-
gle model (EU model) towards full integration of models
available from the literature, was however very beneficial
as it was avoided.
The comparison results showed that although the most
common categories are Administrative information, Build-
ing Identification, Building performance, and Building op-
eration (Table 2), the similarity percentages between ele-
ments are low (Table 4, Table 5, Table 6). There is a lack of
clear consensus regarding the Building geometry category,
suggesting the need for further discussion. The similarity
percentage between models on Building equipment infor-
mation (e.g., Heating, Cooling, DHW, etc) is low, which is
substantial in proposing the integrated model. The models
made no distinction between Building and Building unit
elements, which are required for creating an integrated
mode. The EUB model incorporated the EPBD indicators
(Energy Performance Building Direction) 14, however fur-
ther discussion is required to distinguish between EPBD
and integrated BP elements. The categories in the inte-
grated BP model must be harmonized according to the
proposed GlobalABC report’s categories. Although the
static information was examined, the EUB model only in-
cluded the KPI indicators. This indicates that identifying
real-time data and considering the Building Automation
System (BAS) in the integrated model requires significant
effort.
Overall, therefore, it can be concluded that to develop an
integrated model an extensively manual process will be
required, starting from creating digital versions of PDF
models and moving from there. Indeed, the automated
SQL comparisons did not prove reliable enough to even
be a first pass for the approach, given that in 32 cases

14https://eur-lex.europa.eu/resource.html?uri=cellar:c51fe6d1-5da2-
11ec-9c6c-01aa75ed71a1.0001.02/DOC1

similar terminology was used with different meanings, so
false positives were observed (Section Methodology- Step
4). An extensive effort to identify key information in an
integrated model is required due to the 42 elements shared
by more than 3 models.

Conclusions and further work
The BL/BP is a repository for the comprehensive collec-
tion of the most important performance characteristics and
technical data feed in from various data sources (e.g., In-
ternet of Things(IoT) ) and should enable effective virtual
representations of physical assets (Tharma et al., 2018).
The overall purpose of this specific task of our ongoing re-
search was to examine both the parallels and distinctions of
the current recommended BL/BP models in terms of their
element’s contribution to the physical, energy performance
characteristics, and technical data of a building using se-
mantic similarity methods. The results showed that, while
great progress has been made, the similarities between
proposed models are quite low, and a knowledge-based
strategy would be required. The outcome of the process
above will be an integrated UML and physical data model
that will allow users to trace back each element to its source
or sources (BP or EPC) and make a connection between
different entities. Users of this integrated model will thus
be able to select the required subset of elements from the
full model (as a view) and easily understand whether such
data is available from data currently collected by BP or
EPC. Future work will also entail the integration of the
BP identified above with EPC models. These provide the
necessary energy consumption information and may help
achieve Net-Zero carbon objectives.

Acknowledgments
This research is being partly supported by the
Portuguese Foundation for Science and Technology
(FCT) I.P./MCTES through national funds (PIDDAC),
within the scope of INESC-Coimbra R&D Unit (Ref.
UIDB/00308/2020 Ref. UI0308/geoBIM.1/2022) and of
CISUC R&D Unit (Ref. UIDB/00326/2020).

References

Ahmed, A., Ge, T., Peng, J., Yan, W.-C., Tee, B. T., and
You, S. (2022). Assessment of the renewable energy
generation towards net-zero energy buildings: a review.
Energy and Buildings, 256:111755.

Chandrasekaran, D. and Mago, V. (2021). Evolution of se-
mantic similarity—a survey. ACM Computing Surveys
(CSUR), 54(2):1–37.

Costin, A. and Eastman, C. (2019). Need for interoperabil-
ity to enable seamless information exchanges in smart
and sustainable urban systems. Journal of Computing
in Civil Engineering, 33(3):04019008.

314



Date, C. J. (2011). SQL and Relational Theory: How to
Write Accurate SQL Code. O’Reilly Media, Inc.

Dourlens-Quaranta, S., Carbonari, G., De Groote, M., Bor-
ragán, G., De Regel, S., Toth, Z., Volt, J., and Glicker,
J. (2020). Building logbook state of play. report 1 of the
study on the development of a european union frame-
work for buildings’ digital logbook. Report 1.

Farias, T. M. d., Roxin, A., and Nicolle, C. (2016). A
brief overview of semantic interoperability for enter-
prise information systems. In International Conference
on Informatics in Economy, pages 38–52. Springer.

Koltsios, S., Fokaides, P., Georgali, P.-Z., Tsolakis, A. C.,
Chatzipanagiotidou, P., Klumbytė, E., Jurelionis, A.,
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Abstract 

The digitization of the AECO industry is increasing the 
need for digital decision-support systems (DDSS) in 
building management. Despite technological progress, 
developing such systems still demands significant 
resources. In particular, integrating diverse building data 
remains a challenge. Addressing this, the paper introduces 
BTwin, a toolkit designed to simplify the prototype 
development of DDSSs supporting decision-making in 
performance-based building management. This software 
library facilitates linking data from multiple sources into 
graph networks, like building information models and 
time series databases, providing a low-code and open-
source framework for creating user-friendly web 
applications using connector logic. 

Introduction 

The built environment strongly impacts global energy 
consumption and produces high environmental emissions. 
Although it sits at the crossroads of many EU policies, it 
is still affected by a persistent challenge of limited 
innovation, which is probably the primary impediment to 
its digital and ecological transformation. 
To face these challenges, in recent years, the Architecture, 
Engineering, Construction and Operation (AECO) sector 
has started its digital transition, pushed by the emergence 
of cutting-edge technologies, including Artificial 
Intelligence (AI) (Zhang et al., 2022), Building 
Information Modeling (BIM) (Deng et al., 2021), Internet 
of Things (IoT) (Mannino et al., 2021), Building 
Performance Simulation (BPS) (de Wilde, 2023), and 
Digital Twins (DT) (Lu, 2022). Notably, DTs have risen 
prominently, serving as a catalyst for developing digital 
decision support systems (DDSS) to enhance decision-
making in built asset management, leading to the spread 
of performance-oriented applications for multiple uses, 
such as space usage monitoring, analysis of energy needs, 
reporting of energy and water consumption, estimation of 
emissions due to building usage, as well as analysis of 
indoor environmental quality regarding thermal, visual, 
acoustic comfort, and air ventilation (Petri et al., 2023). 
Despite their rapid growth, DTs are still in their infancy 
and require, on the one hand, prototyping and technical 
development and, on the other, further conceptualization 
(Boje et al., 2020). The lack of standardized definitions, 
the heterogeneous and vast amount of data and data 

sources, and the not scientific approach that usually 
characterizes built asset management (Abuimara et al., 
2021) hinder the organic development of such technology 
and, more in general, of DDSSs, limiting the possibility 
of easily transforming building data in usable knowledge. 
Developing such systems poses a resource-intensive 
challenge, with economic, financial, and cultural benefits 
that are sometimes difficult to comprehend during the 
conceptualization phase (Ma et al., 2022). These 
challenges are highlighted by the AECO sector's lack of 
data integration, marked by the presence of numerous data 
silos belonging to various stakeholders and created using 
distinct languages and frameworks, leading to significant 
data interoperability issues (Merino et al., 2022). These 
digital solutions require high expertise from many 
domains to enable secure and streamlined data flow, 
reliable and scientifically valid information generation, 
and user-friendly, accessible and usable knowledge to 
non-digital experts. The scientific community, therefore, 
is called first to theorize these systems and second to 
prototype solutions demonstrating the tangible benefits of 
such technologies. 
In order to respond to these needs, this paper introduces 
BTwin, a software toolkit designed for simple and cost-
effective prototyping of DDSSs for building management. 
The toolkit allows for semantically linking building data 
from diverse sources (like BIM, BPS, meters, and 
sensors) within graph networks and visualizing it 
organically through interactive dashboards, offering a 
low-code and open-source solution for prototyping web-
based DDSSs. Implemented on JSON-LD (JavaScript 
Object Notation for Linked Data) principles, BTwin 
structures data within graphs by following the axioms and 
meanings defined in a federated ontology. After linking 
data, the toolkit enables the creation of web applications 
that extract data from graphs using user-executable 
queries through a graphical user interface (GUI). It then 
presents this data in various formats, informing the 
application user about the key performance indicators 
(KPIs) that characterize building performance. The 
software library performs these tasks in Python, a 
programming language known for its simple syntax, 
making it extremely popular for various software projects. 
In this article, after discussing the state of the art in 
developing graph-based DDSSs in the AECO sector, the 
theoretical framework that supported the development of 
the tool is presented. Furthermore, the toolkit is applied to 
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a simplified case study to demonstrate its applicability and 
provide some examples of its use. 

Related work and background 

Knowledge graphs 

When people express their thoughts to other people in the 
places where they work, they, consciously or 
unconsciously, create graphs. It means identifying 
specific objects and labelling the relationships between 
them to explain a problem, share a concept, or explain a 
domain, in other words, to transfer knowledge.  
Such graphs can be produced either by humans or 
computers. Those intelligible to computers typically 
comprise nodes (or vertices), denoting entities and 
subjects, alongside edges representing the connections 
between these nodes (relationships or links). Both nodes 
and edges can be characterized by semantic attributions 
and property descriptions (Paulheim, 2016).  
Accordingly, organizing domain concepts and 
information in knowledge graphs (KGs) allows for, first, 
assigning semantic and ontological meaning to data, as 
well as enabling semantic query, extraction and analysis 
of data from complex data structures; second, proficient 
visualization and, therefore, comprehension of a 
knowledge domain and its segmentation into knowledge 
sub-domains.  
Beyond these capabilities, KGs also excel in analyzing 
extensive datasets entrenched in diverse formats. 
Moreover, if coupled with semantic web technologies 
(Pauwels et al., 2017), KGs can allow fast accessibility to 
information on the web, an issue that has become a 
priority for modern DDSSs. 

Ontologies and schemas for data representation 

Understanding the terminology used in a KG is crucial for 
systematically organizing and sharing the knowledge it 
contains in a universally comprehensible manner. In KGs, 
organic information description can be achieved through 
ontologies, formal, shared, and explicit representations of 
a domain's conceptualization, crafted to ensure that all 
information is clearly defined for logical reasoning.  
Recently, the surge in digital tools within the construction 
sector has led to the definition of various ontologies to 
describe the AECO world and its subdomains (Pritoni et 
al., 2021). Among the most used ontologies and data 
schemas, the following are considered relevant to this 
research: Industry Foundation Classes (IFC); Building 
Topology Ontology (BOT); Brick Schema; Semantic 
Sensor Network Ontology (SSN); the Sensor, 
Observation, Sample, and Actuator (SOSA) ontology, and 
the Energy Management Key Performance Indicator 
Ontology (EKO). 
IFC, the open BIM standard supported by 
buildingSMART, is the most recognized schema for BIM 
data. Its integration with semantic web technologies is 
allowed by the IFC web ontology language (ifcOWL) 
(buildingSMART International, n.d.). The Building 

Topology Ontology (BOT) is a simplified ontology 
proposed by W3C that exclusively addresses the core 
building concepts revolving around the building's 
topology, including physical and conceptual components 
and their relationships (Rasmussen et al., 2017). Brick is 
an open-source schema that standardizes the semantic 
descriptions of buildings' physical, logical, and system 
assets and interrelationships. Its primary focus is on smart 
building applications and equipment representation 
(Balaji et al., 2018). SSN describes sensors and their 
observations, features of interest and samples, procedures, 
and actuators. It is often used to describe BAS data with 
semantic tags (Compton et al., 2012). SOSA, instead, 
redesigns SSN to provide a lightweight, general-purpose 
specification for modeling the interactions between 
entities involved in observations, actuation, and sampling 
(Janowicz et al., 2018). Finally, EKO enhances multi-
level energy management and energy performance 
information exchange (Li et al., 2019). 

Graph-based approaches for digital twins 

In the contemporary landscape, graphs have assumed a 
pivotal role across many data-driven applications, also 
influencing the AECO sector (Lygerakis et al., 2022).  
Various researchers have introduced and tested the use of 
KGs to develop digital systems for building operations, 
contributing to forming a solid approach to the subject, 
although relying on various technologies and data 
schemas. For instance, Merino et al. experimented with 
using KGs to deliver the DT of an educational building 
aimed at fault detection and diagnosis of HVAC systems 
for facility management purposes (Merino et al., 2022). In 
their study, these authors mainly leveraged IFC and Brick 
schemas for data representation and a data lake 
architecture for data storage. Chamari and colleagues, 
instead, explored the integration of BMS, IoT, and BIM 
via KGs, utilizing IFC and Brick within RDF graphs 
(Chamari et al., 2022). They proposed a hybrid approach 
for managing time series data, which was stored in a 
JSON-based MongoDB to overcome the limitations of 
graphs in handling time series with millions of data points. 
Differently, Hosamo et al. conducted interesting work on 
DT for fault detection and comfort optimization, 
integrating BIM, sensor time series, and maintenance 
records. Although the research refers to BOT, SSN, and 
Brick schemas, they used a custom ETL (Extract, 
Transform, Load) process to enable condition monitoring 
and predictive operation (Hosamo et al., 2023). Another 
significant example is the work of Ramonell and his team, 
who proposed a system for data integration within DTs, 
leveraging property graphs in Neo4j (Ramonell et al., 
2023). This approach allowed for mapping semantic 
information according to different ontologies, keeping the 
graph as the interoperability backbone of the systems. 
All these contributions, which propose hybrid strategies 
to enhance BIM-based KGs with time-series data, 
underscore the significance and utility of such 
technologies in modeling building knowledge, 
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highlighting both potentials and limitations. However, an 
aspect not covered in the mentioned articles is the Return 
on Investment (ROI) for developing these applications. 
Indeed, it remains a challenge to ascertain whether the 
benefits of developing such complex systems can be 
financially justified for the administrations that adopt 
them, especially considering that substantial funding 
programs are usually behind these research initiatives. 
Consequently, leveraging the theoretical frameworks 
established in these studies and the insights derived from 
these pioneering explorations, this paper seeks to 
introduce a toolkit designed to streamline the initial 
prototyping process of such digital environments. The 
goal is to make the process more cost-effective and 
accessible to research and development groups of smaller 
scale or with limited resources, thus promoting wider 
adoption and innovation in this field. 

Materials and methods 

Ontology definition 

BTwin assumes that a building can be represented as a 
graph composed of nodes (subjects) and edges 
(predicates). To define organically information, nodes are 
designated to classes (and subclasses), whereas edges are 
associated with types of relationships, following the 
ontology depicted in Figure 1. This federated ontology, 
designed by leveraging BOT, IfcOWL, Brick, SSN, 
SOSA, and EKO, integrates these already established 
ontologies within a unified and extensible ontological 
model.  
At the foundational level, the federated ontology employs 
the BOT's zones (i.e., 'bot:Building', 'bot:Site', 
'bot:Storey', and 'bot:Space'). These objects establish a 
hierarchy necessary for representing the building's spatial 
configuration. BOT serves as the backbone, allowing for 
the detailed specification of physical locations and the 

inclusion of elements (such as sensors) within spaces. 
BOT is also used to model 'bot:Interface' elements 
resembling interface elements bounding the spaces (e.g. 
walls, floors, roofs, windows and doors).  
Interlaced with BOT is IfcOWL, which is used in the 
ontology to map the properties of spatial elements as 
'ifc:Property' within 'ifc:PropertySet', instrumental in 
providing detailed descriptions of element properties and 
their attributes. Moreover, IfcOWL allows for the 
representation of sensor elements, considered as physical 
electronic devices, using the 'ifc:Sensor' class.  
Enhancing the ontology is Brick. The Brick framework 
enables classifying sensor elements as 'brick:Sensor'. 
While there seems to be an overlap with 'ifc:Sensor', Brick 
sensors are denoted as 'brick:Point', which are input points 
symbolizing the value captured by a device or instrument 
engineered to detect and measure various variables. This 
indicates that a single IfcSensor device can embody 
multiple points (thanks to the 'brick: hasPoint' 
relationship). For instance, a 'brick:HumiditySensor' and 
a 'brick:TemperatureSensor' points may continuously 
provide data to an 'ifc:Sensor' device. The link between 
sensors and spaces is given by the relationship' 
brick:hasLocation'. Additionally, Brick facilitates the 
organization of spaces into zones utilizing the 'brick:Zone' 
class, which can encapsulate groupings of rooms such as 
energy zones or fire compartments. Furthermore, the 
relationship 'brick:hasLocation' establishes semantic 
interoperability with the BOT spatial hierarchy, thereby 
enriching the data model with spatial context and 
associations. 
The ontology further incorporates the SSN and SOSA 
ontologies through the 'sosa:Observation' and 'sosa: 
ObservableProperty' classes. These are pivotal for 
modeling the data generated by sensors (thanks to the 

Figure 1: The federated ontology supported by BTwin. 
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'sosa: madeBySensor' relationship) and the observational 
processes in a semantically rich context.  
EKO, which includes classes such as 'eko:KPI', 
'eko:KPICalculation', and 'eko:KPIValue', is instead used 
to describe the performance aspects of spatial elements. 
These classes are used to define, calculate, and store the 
values of performance metrics, which are crucial for 
evaluating building performance. The 'eko: 
hasAssociatedObject' relationship provides the necessary 
linkages between performance-related and spatial 
concepts. Additionally, this part of the ontology integrates 
time-related classes, such as 'time:Instant' and 
'time:Interval', to represent temporal aspects, which are 
essential for capturing the dynamics of sensor 
performance data and observations over time. 

Data format 

The federated ontology is enhanced with a distinct syntax 
employing JSON-LD to illustrate entities and their 
interconnections in graphs. JSON-LD is a streamlined 
format for Linked Data, leveraging the prevalent JSON 
structure to enable JSON data to function seamlessly 
globally. It significantly improves the ease with which 
data can be read and written by humans, offering a clear 
advantage over other formats like the EXPRESS format 
used in IFC. Due to its extensibility and adaptability, this 
data model allows the serialization of data and the creation 
of graph-based data models. Additionally, it is 
lightweight, rendering it suitable for data exchange within 
web environments and the development of web APIs and 
applications. 
Specifically, BTwin adopts the JSON-LD format to 
represent static elements, whereas it sources dynamic 
data, like sensor observations, from databases tailored for 
time-series data (e.g., SQL or MongoDB), which are more 
adept at managing large data volumes than graph 
databases. Within the JSON-LD data format, each 
building element corresponds to a JSON object. This 
JSON object functions as a dictionary, possessing a 
unique identifier, the indication of its class within the 
ontology, and the relationships with the other objects 
within the KG. In BTwin, this data format can be read and 
transformed into a KG using specific functions that 
leverage the NetworkX library, a Python package that 
provides a comprehensive set of tools for creating, 
manipulating, and analyzing graph networks. 
Figure 2 presents an example of a JSON-LD syntactic 
description in BTwin. The 'context' section enables the 
mapping of terms used in the document to 
Internationalized Resource Identifiers (IRIs) to provide 
precise meanings. In this part, reference ontologies (such 
as Brick and BOT) are mentioned, as well as the keys used 
in various JSON dictionaries to describe the objects. On 
the other hand, the 'graph' section describes the nodes that 
form the graph and maps the existing relationships 
between them ('relationships' keys).  
The example in Figure 2 shows the topological structure 
of a sample building through BOT. This structure 

comprises <storeyX>, defined as a 'bot:Storey' and 
representing a level within the building, and by <space1>, 
which is a 'bot:Space' located on <storeyX>. The Brick 
Schema is employed to standardize descriptions of sensor 
data, with <sensor1> being an 'ifc:Sensor' situated in 
<space1>, and having a temperature 'brick:Point' 
connected to <temperaturePoint1>. Moreover, IFC is 
used to model the properties of spatial entities, i.e., 
<PSet_SpaceThermalRequirements1> is depicted as a set 
of thermal requirements for <space1>, including a 
property about the temperature setpoint for winter. The 
interconnections between the elements, given by the 
'relationships' key, are essential for decoding the spatial 
hierarchy and placing sensors within the building. 

{ 
"@context": { 
    "bot":"https://w3id.org/bot#", 
    "brick":"https://brickschema.org/schema/Brick#", 
    "ifc":"https://standards.buildingsmart.org/.../OWL#", 
    "name":"http://schema.org/name" 
    }, 
"@graph": [ 

{ 
"@id": "storeyX", 
"@type": "bot:Storey" 

}, 
{ 

"@id": "space1", 
"@type": "bot:Space", 
"relationships": { 

"brick:hasLocation": [ 
{ 

"@id": "storeyX", "@type": "bot:Storey" 
}]} 

}, 
{ 

"@id": "sensor1", 
"@type": "ifc:Sensor", 
"relationships": { 

"brick:hasLocation": [ 
{ 

"@id": "space1","@type": "bot:Space" 
}]} 

}, 
{ 

"@id": "temperaturePoint1", 
"@type": "brick:Sensor", 
"relationships": { 

"brick:isPointOf": [ 
{ 

"@id": "sensor1","@type": "brick:Sensor" 
}]}},{ 

"@id": "PSet_SpaceThermalRequirements1", 
"@type": "ifc:IfcPropertySet", 
"name": "PSet_SpaceThermalRequirements", 
"relationships": { 

"ifc:IfcPropertySetDefinition": [ 
{ 

"@id": "space1", 
"@type": "bot:Space" 

}]}, 
"ifc:hasProperties": [ 

{ 
"@type": "ifc:IfcPropertySingleValue", 
"name": "SpaceTemperatureWinterMin", 
"nominalValue": { 

"type": "ifc:IfcThermodynamicTemperatureMeasure", 
"value": 20 
} 

} 
] 

    } 
  ] 
} 

Figure 2. Example JSON-LD representation. 

319



Toolkit architecture 

BTwin consists of a Python library dependent on other 
reference libraries widely supported by the programming 
community. Leveraging the principles of linked data and 
using a hybrid approach for integrating KGs with time-
series data allows for fast prototyping of DDSS 
dashboards. A 
s stated, this software library employs a data format based 
on JSON-LD. This format can be parsed and converted 
into network graphs by relying on specific functions 
integrated with the NetworkX library. 
Using the so-called 'connector' logic, the tool organically 
integrates with external libraries and BIM formats, 
promoting scalability and modularity in the data modeling 
steps. Alternatively, for simpler cases, static graph data 
can be modeled directly within BTwin without the use of 
third-party software.  
Table 1 below shows the alignment of the federated 
ontology adopted by BTwin with some of the classes of 
the BIM formats supported by the toolkit: IFC, Autodesk 
Revit, Topologic, and EnergyPlus' Input Data Format 
(IDF). The representation of such formats in KGs is 
obtained through the use of connectors that rely on 
IfcOpenShell, Autodesk Revit APIs, Topologicpy, and 
Eppy, respectively. 

For example, the connector with Topologic allows the 
representation of Topologic elements directly within 
graphs (e.g., Topologic cells are transformed into nodes 
labelled as 'bot:Space'). Similarly, the connector with 
EnergyPlus, developed in BTwin by integrating the APIs 
of the Eppy library, enables the linking of simulation 
results to the spatial elements whose behavior is simulated 
(provided that the zones in the IDF have the same name 
as the zones in the KG), as well as the calculation of 
energy-related KPIs. Additional connectors allow for 
interfacing with Autodesk Revit, using the APIs provided 
by Autodesk, and IFC, using IfcOpenShell. These 
connectors are useful for extracting the properties of 
spatial elements within BIM models and associating them 
with the graph nodes. Furthermore, compatibility with 
Arduino for modeling sensor data has been tested, and 
preliminary experiments have been conducted with 
ChatGPT APIs to enable the extraction of information 
from graphs using textual prompts and interpreting it 
through OpenAI's Large Language Models (LLMs). 
For better computational efficiency, dynamic data, such 
as sensor readings, are not stored in graphs but in more 
streamlined formats within dedicated databases, such as 
SQL. These databases employ a straightforward schema 
that includes only the sensor's unique identifier, the 
timestamp, and the recorded value. The connection to the 
time-series data is established via a link to the 
brick:Sensor's UID. An illustrative example of tabular 
time series data is depicted in Table 2. This approach 
enables time-series databases to handle and store many 
records efficiently. Meanwhile, the graph database 
maintains relationships among static elements separately, 

allowing for the processing of time-series data solely 
when computing KPIs. 
Once the static and dynamic data are interconnected using 
this hybrid approach, the toolkit enables various functions 
for querying, aggregating, processing, and visualizing the 
data stored within the KG. In particular, the visualization 
module relies on Plotly and Dash libraries for the creation 
of web dashboards. The results are web micro-
applications that can be easily published on the Internet 
using solutions such as Docker and AWS, following, for 
instance, methods similar to the one demonstrated by 
(Betti et al., 2022). 

Table 1: BIM formats supported by BTwin and class alignment. 

BTwin IFC Autodesk 
Revit 

Topologic Energy 
Plus 

bot: 
Building 

IfcBuilding Building Cell 
Complex 

Building 

bot: 
Storey 

IfcBuilding
Storey 

Level - - 

bot:Space IfcSpace Space Cell Space 

brick: 
Zone 

IfcZone Zone Cluster Zone 

bot: 
Interface 

IfcWall, 
IfcRoof, 
IfcSlab, 
IfcDoor, 

IfcWindow 

Wall, 
Roof, 
Floor, 
Door, 

Window 

Face, 
Aperture 

Surface 

Table 2: Example of a time-series data 

Timestamp Value brick:Point 
UID 

Unit 

2023-11-15 
10:00 

18.3 tempPointX °C 

2023-11-15 
10:15 

18.6 tempPointX °C 

2023-11-15 
10:30 

18.8 tempPointX °C 

Demonstration 

This section applies the toolkit to develop a sample 
application for monitoring indoor environmental quality 
parameters, namely temperature, humidity, and 
illuminance. For illustrative purposes, a fictional case 
study is employed to demonstrate a potential workflow. 
This hypothetical building comprises four spaces: three 
square offices, each with dimensions of 5x5 meters and a 
height of 3 meters, and an adjacent corridor measuring 
15x2 meters with the same height. This setup creates a 
data-sharing environment that, through a user-friendly 
interface, enables the evaluation of the number of hours 
during which the setpoints for temperature, humidity, and 
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lighting are not met in these four spaces. The assessment 
is based on fictional measurements recorded on a winter 
day, as shown in Figure 3. 
The architecture of the prototype DDSS is shown in 
Figure 4, while the main steps followed for the 
application's implementation are listed below. 

1. First, the spatial hierarchy of the building was
modeled. In particular, Topologic was used to create
the case study's BIM model and the connector
between Topologic and BTwin was used to
transform it into JSON-LD format. The Topologic
model also served for 3D visualization within Plotly.

2. Subsequently, sensor elements were added to the
JSON-LD as 'ifc:Sensor' and 'brick:Sensor'
elements. Moreover, relationships between these
and the spatial elements were established.

3. Once all the spatial and sensor elements were
identified, the properties of the spatial elements were
added to the JSON-LD document. For each space,
attributes related to target values of environmental
comfort, defined in the KG as properties of the
spaces grouped within property sets, were added.
The values of the added properties were set, for
example, at a minimum value of 20°C for
temperature, a range between 30% and 60% for
humidity, and a minimum value of 250 lux for
lighting.

4. Thanks to NetworkX's connector, a KG containing
the spatial elements, sensors, and property sets was
created starting from the JSON-LD data. It is
depicted in Figure 5.

5. Then, the data related to the measurements taken by
the sensors was formatted in a MySQL database
according to the notation in Table 2. For each space,
temperature, humidity, and illuminance

observations were recorded once per hour over a 10-
hour working day in winter, resulting in 120 records. 

6. Information was then extracted from the KG and
MySQL to calculate the internal environmental
comfort KPIs, space by space. These KPIs indicate
the number of hours in which the target comfort
values were not met. After being calculated, such
KPIs were connected to the node representing the
evaluated space in the KG for each space.

7. Thanks to Plotly's connector, a dashboard was
created through Dash to display the KPIs on the
geometries of the building's 3D model, previously
created in Topologic, within graphs and tables
(Figure 3).

From a methodological point of view, the following 
process can be repeated for different information uses, 
such as analyzing the energy needs of spaces, detecting 
indoor air quality, monitoring space usage, and so on.  

Figure 4. The system architecture of the prototype DDSS. 

Figure 3: A dashboard developed for the sample application. 
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Conclusion 

The AECO sector is currently experiencing a digital 
revolution, resulting in an increased need for instruments 
that facilitate decision-making in the realm of building 
management. Despite technological strides, a scarcity of 
these tools persists, primarily due to the substantial 
technical and economic investments required for their 
creation.  
To provide a solution for streamlining the prototyping 
process of web-based DDSSs and address the gap in data 
integration in the AECO sector, this article presented 
BTwin, a software library designed for low-code 
development of DDSSs aimed at building performance-
based management. The article, serving as a whitepaper 
for BTwin, provided the theoretical background of the 
toolkit, describing the axioms, concepts, and principles on 
which it is based. Additionally, it offered demonstrations 
using a simple fictional case study building to illustrate an 
example of its application.  
This open-source toolkit, developed using a JSON-LD 
format and several Python functions, features a range of 
methods designed for semantically integrating building 
data from various sources, such as BIM, BPS, meters, and 
sensors, within KGs. It also enables data visualization 
through interactive dashboards, facilitating the 
monitoring and analysis of building performance-related 
aspects in a user-friendly manner. This approach could 
enable developers to easily create DDSS prototypes, 
allowing stakeholders to quickly preview dashboards 
during the development processes of these digital systems 
and provide feedback from a user-centered design 
perspective, thus ensuring tools tailored to actual needs. 
Moreover, its human-readable design makes it valuable 
for students and learners in the fields of BIM, DT, and 
KGs. 
The toolkit is currently in development, with plans to 
expand its capabilities. Future enhancements will involve 
the integration of additional connectors to align the JSON-

LD format with more complex data structures, such as 
gbXML (Green Building XML), to ensure compatibility 
with widely used BIM and web data exchange standards. 
Experiments will be conducted to utilize BTwin's KGs in 
more robust databases than NetworkX, such as Neo4j or 
MongoDB, and to incorporate real-time time-series 
databases. Moreover, special focus will be placed on 
refining the interfaces to simplify user access to data 
within the KG, enabling data queries through textual 
prompts. This feature will be developed utilizing Large 
LLMs like ChatGPT, which are experiencing rapid 
growth in the industry. Ultimately, future versions will 
demonstrate the tool's application in more complex real-
world case studies, guiding the presented approach 
towards a DT perspective. 
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Abstract 

Digitalisation supporting a more sustainable, efficient, 
and waste-friendly built environment is key. The 
requirements for this go far beyond the development of 
digital tools. The ability to collect, track, exchange, and 
trace data throughout processes is decisive. Digital 
Building Permit (DBP) and Digital Building Logbook 
(DBL) share these assumptions. However, a mutual 
realisation is lacking, and intuitions point to attaining 
added value. This vision motivates the research. Action 
research was elected to diagnose and discuss the viability 
of the vision and the associated challenges. Contributions 
demonstrate soundness and provide relevant insights into 
twin paths involving both concepts. 

Introduction 

Before becoming real and usable, buildings and civil 
engineering works need to be strategically defined, 
technically detailed, and constructed. This sequence of 
events is how, iteratively, construction "ripens and 
materialises" the idea and the object to be built. The 
underlying processes involve the production of large 
amounts of information. Digitalisation defies the 
transition from paper documentation to digital documents, 
metadata, and models (International Standards 
Organization, 2018). However, the EU Industrial strategy 
for construction (European Commission, 2021b) and the 
Green Deal requirements (European Commission, 2019) 
entail improvements at efficiency and sustainability 
levels, scoping the processes themselves as well as their 
outcomes (Papadaki et al., 2023). To attain the proposed 
objectives, data-driven concepts with interfaces steeped 
by digital sobriety assumptions (Péréa, et al., 2023) must 
be positioned at the centre of the concerns. 
Building permitting constitutes the authority of the local 
administration based on applying the measures laid down 
by law, aiming to secure the safety, sustainability, and 
compliance of buildings with the regulations (Fauth et al., 
2024). Digital Building Permitting (DBP) includes using 
digital data as input and output and digital tools to support 
or automate checking to tackle current limitations derived 
from analogue documents and processes (Malsane et al., 
2015). Several stakeholders structure building and 
infrastructure cadastral data for different purposes 
(Buchholz and Lützkendorf, 2023). Some data derives 
from national or local regulations and are kept by public 
authorities or private agents, from promoters to owners 
and users. Several gaps and inefficiencies are observed 
due to the wide range of processes and the often practised 

siloed and analogue approaches (Gómez-Gil, et al., 2022). 
DBLs aim to collect, store, and link buildings' relevant 
data, fostering data transparency and increasing data 
availability on buildings-related properties to a broad 
range of market players (Dourlens S., et al., 2021). 
Several studies and projects are being developed to define 
and structure reference architectures and features to 
deploy  DBPs and DBLs. However, little research exists 
seeking overlaps, potential relationships, challenges and 
added value from mutual developments and 
implementation. 
This study builds upon previous research on DBP (such 
as Noardo et al., 2022) and DBL (such as Mêda et al., 
2022) to focus on the abovementioned aspects. Stanford 
Center for Integrated Facility Engineering (CIFE) 
horseshoe and Action Research constitute the framework, 
anchored in a focus group. The focus group gathered 
experts on DBP and DBL to assess the relationship further 
and discuss the common elements. The first outcome is 
the answer to the research question: To what extent should 
DBP and DBL be considered related concepts? A second 
outcome involves identifying mutual challenges and 
processes with outlined associated requirements.   
The article is organised as follows: The present 
Introduction section portrays the topic, the motivations for 
the work, the scientific approach, and the organisation. 
Second, the Research Design and Methods are presented, 
detailing the characteristics of the focus group from which 
most results stem. Follows the Diagnosis, where a brief 
overview of DBP and DBL is performed supported by 
scientific research and grey literature. This part includes a 
summary of the concerns, setting the bridge to the Action 
section, where the focus group contents are presented, 
namely, quantitative results from surveys and qualitative 
thoughts shared. Then, the Analysis and Discussion 
section proposes a framework with links, assessing and 
clustering the practical challenges and requirements of a 
common approach. Examples of processes and impacts on 
stakeholders' practices are debated. Finally, the 
Conclusions present the main remarks, elaborating on 
limitations and future directions. 

Research Design and Methods 

This research aims to demonstrate if DBP and DBL are 
related concepts. As part of the process, commonalities 
and requirements are evidenced, as well as clustering 
challenges at the implementation level. Given its potential 
to structure a transdisciplinary research process, the CIFE 
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Horseshoe Framework (see Figure 1) was selected as the 
guiding framework (Kunz and Fischer, 2007).~ 

Figure 1: Research design using action research as the main 

method and The Stanford CIFE Horseshoe framework 

The author's intuition establishes that DBP and DBL are 
related concepts. This relationship, which might seem 
obvious, does not have expression in the literature, nor is 
it a consensus among experts and industry stakeholders 
working on the associated topics and processes. Action 
research adopting a critical and pragmatic paradigm to 
investigate the intuition and propose improvements is 
used (Fellows and Liu, 2022).  
The planning stage comprises DBP and DBL diagnosis 
anchored by relevant scientific and grey literature. The 
action stage involves a focus group in the form of an 
online workshop to discuss the alignment of the concepts 
and collect and explore qualitative and quantitative data 
on the requirements and challenges. The option for a focus 
group with selected experts was because it is the most 
suitable method to encounter the topic as this state. 
Following (Eeuwijk and Angehrn, 2017), it helps to 
identify and clarify shared knowledge among groups and 
communities, which would otherwise be difficult to 
obtain with a series of individual interviews. 
Eighteen professionals were engaged, and the 
participation criteria were based on the sound 
knowledge/expertise on at least one of the concepts under 
discussion. In terms of background, the group had 
different origins from engineering (22,2%) and 
architecture (27,7%) practice to academia (27,7%) and 
geospatial sciences (11,1%). Regarding professional 
experience, 22,2% work between 15 and 20 years and 
77,8% for over 20 years. The structure follows the 
characteristics addressed by (Jain, 2023), pursuing several 
iterative steps.  

The outputs and research contributions comprise the 
discussion of all impressions and the analysis of the two 
surveys (see Figure 2) performed during the workshop. 
Cluster analysis (Romesburg, 1984) of all elements leads 
to the primary challenges and requirements and a proposal 
for a framework linking DBP and DBL. 

Diagnosis 

Digital Building Permit (DBP) 

The process of issuing a permit for a building, 
independently of the phase, is a crucial milestone for any 
construction process. Despite being a small part of the 
mentioned life cycle, all relevant laws and regulations that 
ensure construction quality, user safety, environmental 
safety, etc., are enforced (Bloch and Fauth, 2023). The 
dependency of the legal framework and governmental 
processes makes the building permit process overly 
complex, prone to errors, non-transparent, and 
unpredictably lengthy (Ataide, et al., 2023). Due to these 
characteristics, building permit issuance can be somewhat 
different in terms of process, information, and moment(s) 
during the construction process life cycle, among others. 
Some researchers have devoted their efforts to the topic 
of automated code compliance checking, for example 
(Bloch, et al., 2023; Fischer et al., 2023), which is one of 
the essential steps within a permit, mainly exploring the 
potential of using the BIM methodology (Amor and 
Dimyadi, 2021). Complementary to and following the 
international push for digitalisation, others have been 
looking to the building permitting process to identify 
ways to become more efficient and transparent through 
the use of digital tools (Bloch and Fauth, 2023; Fauth and 
Seiß, 2023; Krischmann, et al., 2015). 

Figure 2: "DBL meets DBP" workshop – action structure 
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To support a digital transformation in the building permit 
domain, a basis of knowledge was needed, including not 
only the technological aspects of supporting industry in 
the development of the systems infrastructure but also the 
involved procedures, legislation on different levels and 
the involvement of various organisations (Fauth et al., 
2024). The DBP gained a specific space and attention 
under the EUnet4DBP initiative (Noardo et al., 2020). 
Requirements and reviews were developed to clarify, 
provide awareness, identify common data and processes, 
and forecast common frameworks for DBPs (Noardo et 

al., 2022; Fauth et al., 2024). 
Presently, there is the notion that DBP can represent a 
wide variety of building permitting processes running 
from early design phases to the handover and the 
commissioning of the building or infrastructure. 
Notwithstanding, almost all actions are driven by 
regulatory obligations and led by public authorities or 
designated bodies, meaning that similarities exist in how 
the process should run despite the differences in 
information requirements and compliance checks. The 
processes tend to be narrow regarding time frame, and 
DBP efficiency and accomplishment are linked to this 
objective. Finally, the issuance of a permit relies on 
information that is collected and structured for this 
specific purpose. Despite the issuance of the building 
permit, the storage of the information used for the process 
and the building permit report itself should be stored and 
kept during the life cycle of the construction. For example, 
a building usually changes during its life and most likely 
needs other building permits. It would be highly 
beneficial to have the necessary information directly by 
hand. 

Digital Building Logbook (DBL) 

An enormous amount of information is generated and 
used during a construction life cycle (Espinoza-
Zambrano, et al., 2023). However, this information is 
often collected in isolation, meaning that it is searched and 
managed to serve the purpose of a defined stakeholder in 
a given temporal moment of that life cycle. Other 

stakeholders must do the same for their specific 
objectives, searching for and managing the same or 
different information. According to (Miller et al., 2014), 
this way of doing things leads to several gaps. 
Additionally, the process is highly error-prone and 
inefficient, diluting most of the benefits of information 
use. The proposal for the new Energy Performance of 
Buildings Directive (EPBD) (European Commission, 
2021a) calls attention to the importance of effectively 
collecting and managing this data. The DBL concept was 
introduced as the common repository for all building 
relevant data, setting links to relevant existing databases, 
documentation, records and processes (Dourlens S. et al., 
2021). 
Several recent studies have contributed to improving and 
clarifying the understanding regarding the DBL concept 
(Mêda et al., 2021; Gómez-Gil, Espinosa-Fernández and 
López-Mesa, 2022; Alonso et al., 2023). Most research 
works individually focus on specific aspects of the DBL, 
from the processes level to the data sources and 
functionalities, digital technologies or event contributions 
to progress indicators associated with the environment. 
Despite the wide range of discussed aspects, the DBL is 
broader and, as a result, also its challenges and added 
value. This wide range of aspects makes it very difficult 
for many stakeholders to understand the benefits when 
they are out of their scope of action or boundaries. 
Developing a business process modelling notation 
(BPMN) associated with the DBL life cycle was vital as a 
kick-off to detail the associated main processes (Mêda et 

al., 2022). The objective was to set a background that 
enabled further granularity at process, data, and 
relationship levels. 
The vision of the processes and their evolution throughout 
the construction process life cycle feeds the intuition of 
the potential relationships with DBP. Complementary, the 
outcomes from the most recent study on DBL technical 
guidelines (Grow, 2023) presented a proposal for DBL 
components where data from regulatory steps is to be 
collected and managed. 

Figure 3: Focus group perception on the existing links between DBP and DBL 
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Action – Focus Group Workshop 

A ninety-minute session was structured to accommodate 
several activities: two surveys, open questions, 
presentations, and moderators-led discussions and 
thoughts on challenges and priorities for future actions, all 
contributing to the research objectives. The two surveys 
were placed at the beginning and end of the session to 
collect quantitative data on the perception of concepts, 
their relationship, and how the visions evolved (see Figure 
2). Figure 3 provides an overview of the respondents' 
visions and how they shifted during the session regarding 
the relationships between DBP and DBL. Darker colours 
(the left ones) represent the results from the first survey, 
and the lighter ones are the results from the second. 
Interestingly, the answers point to evident links between 
the two concepts despite the fuzziness of the first survey 
on how they materialise during construction. In the 
second survey, most identify links throughout the 
construction process phases. It is one of the aspects worth 
further discussion. 
The presentations mainly used contents already detailed 
in the diagnosis section. The objective was to harmonise 
the knowledge level regarding DBP and DBL. Several 
topics were raised during the discussion. Notwithstanding 
and for the purpose of the research, it is relevant to stress 
the shared thoughts associated with "Information 
Requirements", "Common Processes", and 
"Stakeholders". 
When asked to share thoughts regarding the information 
requirements of DBP and DBL, many stated that DBP will 
have most of the requirements defined by regulations. At 

the same time, DBL seems to be more open regarding 
requirements. Depending on the evolutions and business 
models, a more risk-driven approach might be applicable. 
Given the wide range of situations these concepts can 
cover, defining a minimum set of information 
requirements was mentioned as needed, followed by 
mechanisms to assess the reliability of the information 
presented. The discussion also approached the existing 
knowledge and standards developed for Building 
Information Modelling (BIM). In this respect, it was 
found relevant to try "not to reinvent the wheel" and, in 
opposition, make all efforts to use the existing standards 
related to information requirements as they are or with 
updates. 
A general consensus was observed regarding the existing 
links with Geographic Information Systems (GIS) when 
debating the common processes. A large majority of the 
participants shared that despite the wide range of 
processes surrounding permits, "DBP itself can be an 
integrated part of the DBL process". This declaration was 
a surprising insight, considering the objectives. To 
conclude, it is worth highlighting that it is assumed that 
DBP and DBL hold and deal with General Data Protection 
Regulation (GDPR)-sensitive data. Due to that, both 
concepts need to consider the processes to ensure GDPR 
compliance as part of their reference architectures.   
To finalise, some thoughts were shared on the 
stakeholders' engagement: the awareness needs, the 
training, and the competencies to understand, proficiently 
apply and operate the technologies and processes 
surrounding DBP and DBL. Similarly, the previous 
knowledge and experiences with BIM implementation 

Figure 4: Process-related links between DBP and DBL 
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were highlighted as relevant to allow shortcuts and 
anticipate barriers. 

Analysis and Discussion 

Processes and Phases 

It is possible to state that building permit processes are 
highly country- or even municipality-dependent. Despite 
this fact, there is the notion that building permitting is 
associated with verification, meaning that it occurs at a 
specific moment and often as a milestone belonging to the 
construction life cycle. In contrast, the processes 
involving the materialisation of the building logbook are 
more continuous. Assuming that DBL can work as a 
Digital Twin enabler, the concept will surpass the 
construction process life cycle itself, serving the purposes 
of the construction life cycle. Considering all the visions 
and statements, it is clear that DBP and DBL are related 
concepts, and several links throughout the construction 
life cycle may exist depending on the range of the building 
permitting processes. 
Figure 4 envisages the links between DBP and DBL, 
using background knowledge from targeted research 
performed by (Fauth et al., 2023) and (Mêda et al., 2022) 
and the concerns expressed during the focus group. 
Figure 4 presents a high-level framework proposal on how 
to merge DBL and DBP processes, establishing the data 
flows between both. Considering previous research, a 
broad vision of this permit process was considered from 
the building permit side, where these are required at 
several moments throughout the life cycle. In this respect, 
it is worth highlighting the cadastre evaluation and pre-
consultations with the authorities to prepare a building 
application in the early phases and before design. The 
application adjustments during the review, including 
compliance checking and authorisation for construction, 
occupancy permit, and permit prior to a renovation 
intervention (similar to cadastre pre-consultation when 
there is a pre-existence and when the permit process starts 
again). 
Looking in detail at one of the possible examples and 
seeking increased granularity, it is possible to pinpoint a 
situation during the design phase where the information 
requirements for the building permit (for example, 
building permit review performed by the Municipality) 
will need to be considered for the design development. All 
elements should be developed or deployed as part of the 
DBL. Depending on the type of automation, the elements 
can be sent via DBL or the communication can be enabled 
with the DBP system, which is managed by the authority. 
After the analysis, the building permit or the correction 
notice is sent using the established communication 
mechanism (as previously and in the opposite direction). 
The records are kept, and all relevant stakeholders are 
informed of the results (depending on the individual 
authorisation). The elements must be centralised or stored 
in a distributed ledger, depending on the system's 
architecture. 

Requirements and Challenges 

As described, the thoughts shared during the focus group 
were prosperous. They allowed the identification and 
clustering of common requirements and challenges. 
Eleven aspects were considered the most relevant to 
prioritise in terms of what concerns the challenges. 
Relations to BIM, awareness, training and knowledge, 
and related services, meaning additional services linked 
with DBL, and services that must be organised to feed 
DBP and/or DBL, were identified as the aspects where 
requirements exist at process, stakeholder and data levels. 
A second group of challenges was identified, comprising 
process and stakeholder requirements. These involve 
governance (existing standards, regulations, use of open 
standards and BIM, challenges in terms of revising and 
setting new legal diplomas), the identification and 
establishment of mechanisms linking existing databases, 
implementation costs, and all the environment associated 
with data security and accessibility. One challenge was 
identified with data and stakeholder requirements related 
to establishing common terminology for DBP and DBL. 
Data framework and Information reliability challenges 
were identified in association with the data level. Finally, 
the challenge associated with the maintenance of data and 
curation of the systems throughout the building life cycle 
was identified as bearing requirements at the process 
level. Figure 5 overviews the challenges and associated 
requirements clustered from the focus group inputs. 

Figure 5: Requirements and Challenges  deriving from the 

cluster analysis of the focus group inputs 
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Conclusions 

This research proves that DBP and DBL are related 
concepts and have several potential interconnections 
throughout the construction life cycle. Nevertheless, it is 
paramount to stress that DBP is more time-framed 
(specific processes). In contrast, DBL is more continuous 
through the construction life cycle. Combining the 
findings with previous outcomes, it is worth mentioning 
that there are no time lags between DBP and DBL as this 
is deployed together with the idea, and DBP will interact, 
depending on the range of processes, through the life 
cycle. This vision is supported by the evidence that the 
concepts partially share information requirements, 
relationships with databases, data security and reliability 
concerns, governance, and curation care (Figure 6). 
DBP and DBL can be set as independent systems. 
However, given the overlaps in their scope and for the 
sake of digital sobriety, it is relevant to consider a shared 
landscape for terminology and datasets. This aspect 
should encompass other systems and concepts. 
Additionally, it is worth highlighting that the efficiency 
and complete accomplishment of the objectives of both 
concepts might be disturbed if there is the need to feed 
each one manually with data from the other. 
From a strategic viewpoint, there can be several benefits 
from the synergies and proper links and data sharing 
between DBP and DBL. The implementation challenges 
will be higher due to the coordination needs from a 
systems architecture perspective. However, several 
savings can be achieved in awareness, training, and 
getting the confidence of stakeholders for use. As 

discussed, several stakeholders' activities might overlap, 
meaning adoption can become more straightforward by 
working correctly with the synergies.    
This study's limitations are related to the defined scope 
and level of granularity. Nevertheless, this was set 
intentionally to set the background for future and more in-
depth research activities. This research focused on 
specific dimensions, such as processes, data, 
technologies, solutions, and stakeholders' needs, setting 
assumptions to work further on the articulation between 
DBP processes and DBL. 
As studies point to the integration between BIM and GIS, 
DBP and DBL, which are still in their infancy, should 
benefit from a joint endeavour, contributing to the 
accomplishment of digital twin transition goals for the 
built environment and effectively raising most relevant 
stakeholders into the Construction 4.0 dimension. If 
building permitting is a critical process in the construction 
life cycle, using and producing building-related data. 
Logbooks aim to be golden thread enablers, and complete 
data traceability implies embedding the digital processes 
for building permitting as part of the digital logbooks' 
framework. 

Figure 6: DBP and DBL associated concepts and main clustered characteristics 
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Abstract 

Despite advances in BIM technology, achieving a 
comprehensive machine-readable design representation 
for Automated Code Checking (ACC) remains a 
challenge. We propose decomposing regulatory checks 
into sets of semantic enrichment tasks, each tailored with 
a suitable solution. We demonstrate this approach with a 
case study on Israeli regulations for security rooms, 
focusing on two distinct semantic enrichment tasks. We 
use the Girvan-Newman algorithm to isolate single 
apartments in a floor plan. A GNN then categorizes 
security rooms based on the ratio of supporting walls, 
according to the ranges defined in the regulations. The 
approach paves the way for a highly automated ACC 
methodology, with potential implications for diverse 
regulatory contexts.  

Background 
The conventional approach to ACC involves two pivotal 
tasks: the translation of human-written text into machine-
readable rules and the establishment of a machine-
readable representation of the building design. The ability 
to translate regulatory documents into hard-coded rule 
sets is limited due to ambiguous, subjective, or vague 
regulatory statements, requiring manual interpretation 
and contextual knowledge (Nawari, 2019; Zhang and El-
Gohary, 2017). Despite the prevalence of BIM technology 
and the adoption of Industry Foundation Classes schema 
(IFC) as an industry standard, achieving a machine-
readable representation of the design that contains all 
semantic information required for ACC, remains a 
challenging task that often leads to manual preprocessing 
of the BIM models.  
Moreover, matching regulatory concepts to those 
represented in the computer-readable design remains 
highly reliant on human understanding. Recent research 
proposed implementing ML approaches for ACC, 
eliminating the need for compiling explicit rule sets 
(Bloch et al., 2023). However, the efficacy of ML-based 
code checking is contingent on comprehensive input 
information. As BIM models often lack the necessary 
highly rich semantic information, semantic enrichment 
offers an automated solution for supplementing it.  

Complex code clauses typically require querying the 
topological relationships among building elements, for 
example, checks of wall continuity across security rooms 

in Israeli Home Front Command regulations, rules of 
accessible route and line of visibility in the New Zealand 
Building Code, checks on support of plaster skins in the 
International Residential Code, rules related to the travel 
path and distance in the ADA Standards for Accessible 
Design and the International Building Code. 

Verifying building regulations necessitates a thorough 
understanding of the complex relationships among 
various elements throughout the building's structure. 
Consequently, code checking requires extended data 
structures or a proof-of-solution describing how the 
design proves compliance rather than merely fulfilling 
prescribed criteria. For example, graph processors can be 
integrated to address implicit spatial properties (Solihin 
and Eastman, 2015). In this work, we decompose the ACC 
task into a series of semantic enrichment tasks aiming to 
automatically supplement needed information for the 
checking process, focusing on complex requirements that 
involve relational aspects of the design. We turn to graph-
based semantic enrichment techniques to address these 
specifications, leveraging the inherent relational structure 
within the design data. 

Semantic enrichment 

Semantic enrichment of BIM models emerged as a 
solution for lifting the need for multiple domain-specific 
Model View Definitions (MVDs) by reasoning over 
explicitly represented information to derive new facts 
about the model (Belsky et al., 2016). While some efforts 
previously focused on querying BIM to extract implicit 
information stored in models (Borrmann et al., 2006; 
Mazairac and Beetz, 2013; Wülfing et al., 2014), they 
often fell short in providing explicit representations of 
inferred information as part of the building information, 
limiting downstream applications. The SEEBIM system, 
proposed by Belsky et al. (2016), leveraged domain expert 
knowledge, represented as logical statements, to infer new 
facts and explicitly add them to the model. Wu and Zhang 
(2019) also implemented a rule-based, iterative method 
for classifying BIM objects in IFC, leveraging geometric 
features to identify objects with similar geometric 
representations. They also recognized that pure geometry, 
without contextual information is limited in the ability to 
distinguish between elements with similar geometry.  In 
parallel, semantic enrichment solutions that are based on 
semantic web technology have been suggested and 
illustrated as well. In fact, one of the motivations for using 
the Web ontology, as presented by Pauwels et al. (2017), 
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is utilizing logical inference and proofs, which involves 
the use of First Order Logic (FOL) to derive new insights 
from the initial building model. Combining inferred 
information with the original data represents the core 
objective of semantic enrichment.  

Departing from the FOL methodology, Bloch & Sacks 
(2018) explored different methods for semantic 
enrichment. Their work compares a rule-based and a ML-
based approach for semantic enrichment by 
demonstrating both for classifying room types in 
residential apartments. They found machine learning 
worked better than rules for this specific task. With the 
recent developments in the ML domain, and the 
introduction of Graph Neural Networks (GNNs) (W. L. 
Hamilton et al., 2017), the applicability and benefit of 
such models has been demonstrated for the same room 
type classification problem (Wang et al., 2022). The 
major benefit of such models is the ability to leverage not 
only geometric but also contextual information about the 
building elements. Motivated by limitations in existing 
BIM software regarding semantic representation and 
interoperability, the authors proposed leveraging graph-
based data structures coupled with enhanced GNN 
architectures that incorporate both node and edge features. 
They develop the SAGE-E algorithm and generate the 
Room Graph dataset containing apartment layouts. 
Experiments demonstrate the superior performance of 
SAGE-E over conventional ML methods for room type 
classification, validating the promise of GNNs for BIM 
semantic enrichment. This groundbreaking effort 
establishes a research foundation for applying GNNs to 
augment BIM semantics. As suggested in Bloch and 
Sacks (2020), different semantic enrichment tasks can 
benefit from different approaches to solution. Until now, 
the more classic graph-based methods remain mostly 
unexplored in the context of semantic enrichment.  

Graph representation of building design information 

Building models encapsulate a wealth of architectural and 
engineering design knowledge, along with specific native 
design intentions tailored to meet the predefined 
requirements. In the realm of representing the embedded 
design properties and the complex topological 
relationships among building elements, graph structures 
have emerged as a prevalent tool (Vilgertshofer and 
Borrmann, 2017). 

The adoption of graph-based methodologies facilitates the 
transformation of building models of structures into 
networks. These networks comprise nodes and edges, 
which represent building objects and interrelationships. 
The graph representation hinges on the specific nature of 
the building's design structure and the intended 
application scenarios. Furthermore, the choice of the 
graph structures depends on the varying objectives of the 
query. For example, dependency graphs are utilized to 
predict the clash change components (Hu et al., 2023), and 

parametric building graphs are employed to match 
detailing patterns (Abualdenien and Borrmann, 2021). 

Method 
In this work, we propose a comprehensive, hybrid 
approach for addressing the challenges of ACC. We 
demonstrate the approach through a case study, focusing 
on the effectiveness of graph-based semantic enrichment 
in addressing the requirements defined by the Israeli 
Home Front Command regulations for security rooms 
(Home Front Command, 2010). The experiment 
described below is structured to fulfill two essential tasks 
integral to the checking process. The first task is to 
correctly identify the security rooms in the BIM model. 
As previous work on the subject demonstrated effective 
solutions under the assumption that we can isolate 
individual apartments in the building, we implement 
community detection to automatically isolate spatial 
groupings representing individual apartments. The second 
task addressed in the described experiment is 
automatically recognizing the ratio of vertical 
connectivity between the walls of the security rooms. 
Recognizing the complexity of calculating this ratio, we 
propose a ML-based classification approach using GNNs. 
The GNN model was trained to categorize the ratio of 
vertical continuity into predefined ranges specified by the 
regulations, streamlining the checking process without the 
need for precise numeric calculations. The checking 
process is then complete using a set of logical statements. 
By implementing diverse computational techniques, we 
demonstrate an enhanced ACC process with no additional 
information requirements for the modeler. 

Experiment and results 

Israeli regulations for security rooms  

Security rooms (bomb shelters) are designated spaces 
within a building specifically designed and constructed to 
provide protection during emergency situations related to 
military actions. These spaces are fully constructed from 
reinforced concrete and equipped with specialized 
windows and doors that are designed to withstand 
shrapnel from a blast. As per Israeli Home Front 
Commands regulations (2010), there are several 
restrictions for the components of the individual security 
rooms, such as room dimensions, thickness of slabs and 
walls, dimensions of openings, etc. However, collections 
of security rooms are also examined together. The 
security rooms must be vertically stacked so that the 
reinforced concrete walls are continuous and reach the 
foundations. Due to functional design requirements, 
parking, storage, or other non-protective spaces (security 
space) often reside above or below the security rooms, 
where reinforced concrete walls may interfere with the 
functionality of these spaces. Alterations like wall 
removals, added openings, or weaker materials in those 
spaces can disconnect the security room from its base. 
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Figure 1: Ratio of vertical continuity of security room walls. 

Regulations thus allow for some vertical discontinuity 
contingent upon certain conditions. One key determinant 
that dictates additional measures required is the 
percentage of the security room walls that are continuous 
and reach the foundation. We will refer to this as the “ratio 
of vertical continuity.”  
The regulations delineate three ranges, as illustrated in 
Figure 1, for the ratio of vertical continuity: spaces with 
over 70% continuous walls require no further 
enhancements, effectively extending the requirements for 
individual security rooms through all associated levels. 
Spaces with 50-70% vertical continuity and spaces 

showing less than 50% vertical continuity must 
incorporate thicker structural walls and slabs and are 
restricted in the accepted sizes of openings. Note that the 
ratio of vertical continuity can be calculated per wall 
individually, thereby dictating additional constraints on 
the permissible horizontal displacement between walls. 
And can be calculated for the entire space as the sum of 
the inner boundaries defined by the walls that compose 
the space. The ratio of vertical continuity for spaces 
determines the requirements for the concrete thickness of 
slabs and walls in the security shaft. The ability to check 
the compliance of a design to the concrete thickness 
requirements is the focus of this work.  The calculation of 
the ratio of vertical continuity for walls and spaces 
involves a large set of guidelines, conditions, and 
exceptions. The topology of the walls supporting the 
security rooms, their orientation, sizes of openings and 
distances between them, and their proximity to existing 
wall corners, etc., can impact the calculation of the 
vertical continuity ratio since, under specific conditions, 
openings must be subtracted from it.   

To automate this complex calculation based on BIM data, 
parametric and relational details of building components 
that are not explicitly present in the models must be 
considered. While some of the needed information is 
intrinsic to individual components, some rely on 
relationships between model elements, which may be 
more difficult to retrieve.  
In this work, we demonstrate a workflow towards a highly 
automated compliance checking of these regulations 
using a case study of a residential building that includes 
overall five security shafts.   

Community detection and room classification 

As explained in the previous sections, any kind of ACC 
routine is contingent upon information requirements that 
are not always given in the BIM model in their explicit 
form. Spaces are the most primitive building elements that 
are crucial for many checks. Given that there are no 
standards or enforced naming conventions, the room 
names provided by designers become unreliable, which 
poses challenges for downstream applications. Given that 
our goal is to avoid introducing information specifications 
to the design process, the implementation of semantic 
enrichment to support ACC emerges as a promising 
solution.  In the context of automated space function 

classification, it has been demonstrated that semantic 
enrichment for classifying abstract elements, such as 
spaces, is better addressed with ML than rules (Bloch and 
Sacks, 2018). Later, a graph-based approach for room 
type classification has also been demonstrated using 
GNNs (Wang et al., 2022). In both cases, however, the 
basic assumption was that we operate within the 
boundaries of an apartment, and the question of how we 
can isolate the apartments without additional information 
requirements for the designers remained open. We 
propose an automatic solution by implementing a 
community detection algorithm. 
Community detection algorithms are useful for analyzing 
complex networks to identify subgroups within them. In 
the context of buildings, where spatial relationships and 
connectivity are crucial, algorithms for community 
detection can help uncover distinct spatial groupings 
indicative of separate apartments. In this test case, we 
implement the Girvan-Newman algorithm (Girvan and 
Newman, 2002) for community detection, which was 
originally designed for social networks. The principle of 
this algorithm is isolating communities in a graph by 

Figure 2: Graph representation of individual floors and community detection for isolating apartments. 
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iteratively removing edges with high betweenness 
centrality, a measure of how often an edge lies on the 
shortest path between two nodes. It is important to note 
that while the Girvan-Newman algorithm is considered 
relatively slow, it has been determined that it can be 
effectively used on graphs with less than 1000 edges 
(Fortunato, 2010). As we are concerned with floorplan 
layouts that translate into small graphs (in our case, no 
more than 200 edges), the algorithm provided accurate 
results within seconds. Other community detection 
algorithms were not examined. 
To implement the suggested technique, we followed the 
workflow described in Figure 2. Utilizing the API of the 
BIM authoring tool (Autodesk Revit) and Dynamo 
(Autodesk, 2022), we collect the building elements that 
engage in any connection relationship within the spatial 
layouts, including spaces and doors. Additionally, 
designers typically use separation lines to divide distinct 
functional areas within shared spaces. Thus, both the 
connecting doors, typically situated in boundary walls, 

and separation lines are recognized as accessible or 
connecting elements. Furthermore, we perform 
topological queries on the BIM model to determine the 
relationships between spaces and accessible elements, 
forming the undirected edges within the graph structure. 
For each selected element, the spatial data (floor level) 
and the associated semantic data (element type) are 
queried and attached to the related graph node. Within the 
graph structure representing the whole building model, 
the elements that belong to each floor are determined by 
grouping the unconnected subgraphs. As a result, each 
floor plan of the model is individually processed, leading 
to the automated generation of accessibility graph 
structures for our test case. 
Once graph extraction was complete, the Girvan-Newman 
algorithm for community detection was applied on the 

typical floors, and all individual apartments were 
correctly identified, after which the previously developed 
methods for room type classification can be applied. At 
the end of this stage, we assume all the security rooms in 
the model are identified and correctly tagged.   

Graph Neural Networks for semantic enrichment 

Calculating the ratio of vertical connectivity is a complex 
task. However, the absolute numerical value itself holds 
minimal significance. What is important is discerning the 
category of further requirements associated with the 
ratio—whether it falls within the 70%, 50-70%, or below 
50% range. In essence, complex calculation can be 
avoided by implementing a ML model tailored 
specifically for this classification task. Given that the 
calculation heavily relies on the relationships between 
walls, GNNs emerge as a valuable tool for this 
classification task. Unlike traditional models, GNNs 
possess the unique ability to account for and leverage the 
complex interconnections among building elements.  

To enable the application of GNNs, two steps are 
implemented. First, we aggregate all security rooms 
within a single shaft and link them to any continuous walls 
that support the security rooms. Given the high 
complexity of the interconnections among security-room-
related elements, we interpret the design model to 
generate a shaft-centered graph structure utilizing the 
authoring tool’s API via Dynamo (Autodesk, 2022). The 
topological query analyzes all shaft-related building 
elements across all floors. 
By taking the bounding box coordinates of all shafts as 
horizontal references, we identify all security spaces that 
align horizontally with the shafts on all floors. We then 
filter out the irrelevant spaces and perform a bounding 
box geometric analysis at the space level to calculate the 
connecting relationships in the vertical direction. To 

Figure 3: Graph representation of security shafts - extracting the vertical graphs. 
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achieve this, we vertically extend the space bounding 
boxes with a pad dimension threshold, which equals to the 
identified slab thickness. We also analyze the bounding 
relationships, including the boundary interactions 
between spaces and walls and the hosting relationships 
between walls and openings like windows and doors. This 
analysis translates the topological relationships of 
building elements and their hosts into the graph structure. 
Similarly, we apply the bounding box analysis to the 
selected walls to provide edge information about whether 
the structural walls of security rooms are continuously 
stacked until the foundations are reached. The 
abovementioned topological queries and geometric 
calculations are accomplished in an automated manner by 
taking the shaft-related building elements extracted from 
the design authoring tool as a basis. 
The generated shaft-centered graph structure includes 
nodes that correspond to the individual components from 
the building models - walls, spaces, doors, and windows 
(Figure 3). Each node contained continuous geometric 
features like minimum and maximum x, y, z coordinates, 
area, length, height, and width, as well as intrinsic 
categorical features indicating the specific component 
type. The graph edges represent connection relationships 
between components based on the BIM layouts. Within 
the security shaft, each space is connected to the spaces 
above and below. Moreover, these spaces link with the 
associated walls, while the doors and windows are 
connected to the host wall. The walls of each space are 
linked with the aligned walls above and below that belong 
to security rooms on a level above and level below. 
and the resulting graph representation was used to train a 
GNN model for node classification to categorize shaft 
components by vertical connection length ratio. To train 
the model, a set of 710 BIM models of shafts representing 
security rooms and other components that may be found 
in these shafts were generated and labeled manually using 
the Revit platform. To introduce realistic design 
variations into the models, the researchers received 
guidance from one of Israel’s building control companies, 
in addition to reviewing several building control reports. 
One example of such a design variation is interconnected 
security shafts (where two security rooms share a wall) 
versus shafts comprising individual security rooms. 
Overall, the data set consists of 51,630 nodes and 78,811 
edges, capturing the connections and relationships 
between the various components in the shafts. 
The use of synthetic data comes in response to the great 
challenge of collecting relevant data, as industry 
stakeholders are usually reluctant to share BIM models. 
Hence, we follow the workflow suggested by (Bloch et 
al., 2023), where fully synthetic data was used for training 
a GNN model for ACC. It could be shown that the trained 
model had similar accuracy rates when applied for making 
predictions for real design.  
In this case, the labels correspond to the three distinct 
classes characterized by the proportions of vertical 
connection ratios, as defined in the regulations. Namely, 
70%, 50-70% range, and less than 50%. As illustrated in 
Figure 4, there are four types of elements represented as 

nodes in the graphs: spaces, walls, doors, and openings. 
Hence, we introduce an additional class that is related to 
“not applicable” (NA) nodes representing windows and 
doors.  
The graph representations of these models were obtained 
using an automated workflow based on data extracted 
from the models to a spreadsheet. Since the synthetic data 
includes only individual security room shafts, the graph 
extraction process was different, but the resulting graph 
representation structure is identical to the structure 
obtained by the process depicted in Figure 4.  
Using the described synthetic data set, a two-layer Graph 
Attention Network (GAT) model (Veličković et al., 2017) 
was trained to perform a node classification task. The 
training set was split into 70% for training, 15% for 
validation and 15% for testing. The testing phase provided 
a comprehensive assessment of the model's capabilities, 
even though the test phase was performed using a portion 
of the synthetic data set. The testing accuracy achieved 
94.58% reflecting the model's proficiency in correctly 
classifying nodes within the graph. Precision, recall, and 
F1 score further validate the model's effectiveness, with 
values exceeding 94%. The described results are the 
outcome of iteratively evaluating multiple configurations 
of GNN models (such as GCN (Kipf and Welling, 2016) 
and SAGE (W. Hamilton et al., 2017)), model 
architectures and graph structures. Within the variations 
in graph structure, we evaluated graphs with different 
building elements to node mappings and with different 
feature vectors assigned to each node. 
Table 1 illustrates the confusion matrix providing the 
results of predictions vs. actual labels of the test set. It 
provides insights into the model's classification behavior, 
with high counts along the diagonal indicating accurate 
predictions with a notable emphasis on correctly 
identifying all the 2025 instances in the "not applicable" 
class (class 4). For class 1 (>70%), the total count of nodes 
was 3,778, among these 3,650 instances were correctly 
predicted. However, 62 instances were misclassified as 
class 2 (50-70%) and additional 66 instances were 
misclassified as class 3 (<50%). 

Table 1 Confusion matrix for synthetic test set 

Class 2 (50-70%) showed the lowest accuracy, with 664 
instances, out of which 449 instances correctly predicted, 
but 196 misclassified as class 1, and 19 misclassified as 
class 3. These misclassifications can be attributed to the 
imbalanced data set and insufficient number of examples 
covering these cases. Class 3 (<50%) predictions reached 
a better classification accuracy in comparison to class 2.  

Actual 

P
re

di
ct

ed
 

>70% 50-70% <50% NA 

>70% 3650 62 66 0 

50-70% 196 449 19 0 

<50% 74 3 1201 0 

NA 0 0 0 2025 
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The total count of true class was 1278, out of which 1201 
instances were correctly predicted. However, 74 instances 
were misclassified as Class 1, and an additional three 
instances were misclassified as Class 2. This also 
indicates the difficulty in identifying class 2 as it has high 
similarity to both class 1 and class 3. A better 
representation of this class can improve the results. In case 
the model is still not accurate enough in identifying class 
2, we might think of a slightly different workflow that 
relies on distinguishing between the common case (>70% 
continuity) and the other cases. 
After testing the model using a portion of the synthetic 
data, it was utilized to generate classifications on a real 
test case model. The real model is a residential building 
comprising 11 floors. Each floor accommodates five 
apartments, while the ground and first floors contain extra 
common and technical service areas. Additionally, the 
building includes two underground levels dedicated to 
parking, storage, and technical rooms. Each apartment in 
the building features a dedicated security room. 
Notably, the model has five security shafts, where the first 
and second shafts are interconnected, as are the third and 
fourth shafts, via a shared separating wall (see Figure 4). 
The fifth shaft stands independently. Applying the 
classifier to the described real case, the model predictions 
achieved an accuracy of 86.84%. The confusion matrix 
for predictions is described in Table 2. 

Table 2 Confusion matrix for the real case 

The complexity of the chosen test case is a result of 
aiming to maximize the available parking spaces, making 
the configuration of the walls on the lower levels of the 
building is not a standard case. While most of the 
elements follow the preferred guidelines of at least 70% 

vertical connection ratio, we can see representation of the 
other cases as well. It's noteworthy that the real-world 
instances include unique configurations that are not 
encountered and were not present in the training data. 

Results of classification were injected back into the BIM 
model to be used for further checking requirements for 
reinforced concrete elements' thickness. Based on the 
predicted class for the spaces, a set of logical rules was 
inactivated to check the model for compliance with 
requirements for reinforced concrete element thickness. 
The overall checking process thus becomes “hybrid” by 
relying partially on graph-based and rule-based 
techniques. The supporting wall ratio for each space 
determines what requirements are applicable for the walls 

 and slabs in the safety areas. Obviously, a 
misclassification of the elements by the GNN can lead to 
incorrect checking results. In this case, 90% of the 
security rooms in the model (nodes representing spaces) 
were classified correctly by the GNN model. The overall 
checking results based on this classification showed that 
out of a total of 265 walls and slabs checked, only 27 
elements were incorrectly identified as “not compliant” 
while they truly are compliant with the code. Namely, 27 
false positive cases. Zero false negative cases were 
identified. In the context of ACC, this distinction is very 
important since the non-compliant cases will have to be 
reevaluated by the designer\checker, but the false 
negatives may be approved despite not adhering to the 
code. ML models are not deterministic and may provide 
unreliable results. This limitation can be mitigated by 
further development of data sets, refinement of the 
models, and by constant validation against real cases. 
Additionally, by incorporating human oversight into the 
process, a more robust and reliable compliance-checking 
framework can be established. 

Discussion and Conclusions
The extensively researched ACC domain may benefit 
from a significant shift in the overall approach. Hard-
coded rules, being explicitly predefined and manually 

Actual 

Pr
ed

ic
te

d 

>70% 50-70% <50% NA 

>70% 208 6 6 0 

50-70% 9 21 9 0 

<50% 23 2 32 0 

NA 0 0 0 102 

Figure 4: Graph representation of security shafts. 
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encoded, are often too restrictive. Furthermore, there is a 
tendency to confine the entire process to one single 
method, predominantly relying on rule-based systems. As 
a result, we miss opportunities for leveraging mutually 
beneficial methods that may lead to higher levels of 
automation in the overall process.  Such approaches may 
incorporate learning techniques in addition to the human 
coded predetermined rules. The flexibility provided by the 
learning techniques is crucial in the field of ACC, where 
building regulations can be ambiguous or complex. One 
of the main limitations of such models is that they are not 
deterministic therefore, may be unreliable in the process 
of ACC. However, with large enough data sets and 
continuous exposure to diverse examples, these models 
can enhance their performance, making them well-suited 
for handling tasks from the code compliance checking 
domain. This work introduces a novel approach for ACC, 
leveraging semantic enrichment to enhance the level of 
automation that can be achieved.  The approach is based 
on the capacity to decompose regulatory clauses into 
distinct semantic enrichment tasks, each addressed by a 
suitable solution. We demonstrate this approach with a 
test case, addressing specific requirements of Israeli 
regulations for security rooms. As described in this paper, 
most of the methods implemented in this case are based 
on graph theory, including community detection 
algorithms, and Graph Neural Networks. The introduced 
workflow is highly automated, with very little 
information requirements for the designers, showcasing 
the ability to reach a higher level of automation in the 
process by implementing diverse methods for every code 
clause. Although the training process includes manual 
work, it is not part of the checking as the model can be 
pretrained. The checking process itself relies on minimal 
data requirements and minimal manual BIM 
preprocessing, mainly making sure that the spaces have 
been created and that the security rooms are properly 
tagged.      

Limitation 

Several limitations are acknowledged in this study. 
Firstly, the transformation of the accessibility and 
connectivity relationships into graphs requires a well-
defined BIM model, where space elements are 
comprehensively placed and correctly separated in the 
building layouts. While we aim not to add information 
requirements or specifications, good quality modeling 
practice is expected. The utilized building graphs, which 
are only parts of the various graph structures, are selected 
according to the topological features of the envisaged 
regulatory requirement. Thus, the applicability of the 
proposed graph-based enrichment for code checking on 
other regulations is to be justified. 
Second, while we demonstrate the potential of GNNs for 
ACC, we acknowledge the limitation of the developed 
classifier, which is tailored to the context of the Israeli 
regulations for security rooms. Implementing a similar 
technique for different regulations would necessitate the 
collection or creation of new, context-specific synthetic 

datasets for training the models. Furthermore, the 
automated routines for data extraction must be modified 
to generate graphs with needed structures. Another 
limitation of using a synthetic data set for training is that 
real-world data may follow assumptions that are not well 
represented in the synthetic set. While we tried to limit 
this problem by working under the guidance of a building 
control company, our access to the design documents was 
limited. This underscores the importance of future efforts 
to address the scalability of the approach to accommodate 
a broader spectrum of regulations, including generating 
graph datasets tailored to support various requirements. 
The demonstrated promising model performance across 
various evaluation metrics is encouraging to continue 
developing this research direction.   

Contribution 

This work contributes to the ACC domain, addressing 
several existing challenges and paving the way for a more 
automated and adaptable approach to code compliance 
checking. The proposed approach for code checking, 
which leverages graph representation, introduces a novel 
way of thinking about ACC processes, where we do not 
have to be confined solely to rules. This approach 
facilitates a more comprehensive investigation of design 
knowledge. It has the capacity to elucidate not only the 
instances of non-compliance but also to subsequently link 
other elements that may be interconnected with these 
issues. Such enriched results empower designers with 
detailed insights, enabling more effective resolution 
strategies (Wu et al., 2023). This approach lays the 
groundwork for the advanced automated design 
adaptation method known as “Design Healing.” By 
providing a more nuanced understanding of the design 
and its compliance with building codes, designers can 
leverage this foundational data to make informed 
adjustments, enhancing the overall efficacy and 
compliance of the building model. 
This work lays the groundwork for future research on 
automated code checking, encouraging the exploration of 
hybrid models that harness the strengths of diverse 
computational techniques for enhanced regulatory 
compliance. The proposed workflow is fully automated, 
with minimal information requirements to be 
supplemented by users. The success of the approach 
underscores the potential of semantic enrichment to 
enhance the level of automation achieved in ACC.  

Acknowledgments 
The research was funded by the Israeli Ministry of 
Construction and Housing. The presented research also 
received funding from the TUM International Graduate 
School of Science and Engineering (IGSSE). 

References 
Abualdenien, J., Borrmann, A., 2021. PBG: A parametric  

building graph capturing and transferring detailing 

338



patterns of building models, in: Proc. of the CIB W78 
Conference 2021. 

Autodesk, 2022. Dynamo. 

Belsky, M., Sacks, R., Brilakis, I., 2016. Semantic  
enrichment for building information modeling. 
Comput.-Aided Civ. Infrastruct. Eng. 31, 261–274. 
https://doi.org/10.1111/mice.12128 

Bloch, T., Borrmann, A., Pauwels, P., 2023. Graph-based  
learning for automated code checking – Exploring the 
application of graph neural networks for design review. 
Adv. Eng. Inform. 58, 102137. 
https://doi.org/10.1016/j.aei.2023.102137 

Bloch, T., Sacks, R., 2020. Clustering Information Types  
for Semantic Enrichment of Building Information 
Models to Support Automated Code Compliance 
Checking. J. Comput. Civ. Eng. 34, 04020040. 

Bloch, T., Sacks, R., 2018. Comparing machine learning  
and rule-based inferencing for semantic enrichment of 
BIM models. Autom. Constr. 91, 256–272. 
https://doi.org/10.1016/j.autcon.2018.03.018 

Borrmann, A., Van Treeck, C., Rank, E., 2006. Towards  
a 3D spatial query language for building information 
models, in: Proc. Joint Int. Conf. of Computing and 
Decision Making in Civil and Building Engineering 
(ICCCBE-XI). 

Fortunato, S., 2010. Community detection in graphs.  
Phys. Rep. 486, 75–174. 
https://doi.org/10.1016/j.physrep.2009.11.002 

Girvan, M., Newman, M.E.J., 2002. Community 
structure  in social and biological networks. Proc. Natl. 
Acad. Sci. 99, 7821–7826. 
https://doi.org/10.1073/pnas.122653799 

Hamilton, W., Ying, Z., Leskovec, J., 2017. Inductive  
representation learning on large graphs. Adv. Neural 
Inf. Process. Syst. 30. 

Hamilton, W.L., Ying, R., Leskovec, J., 2017.  
Representation Learning on Graphs: Methods and 
Applications. CoRR abs/1709.05584. 

Home Front Command, 2010. Specifications for Building  
Shelters. Protective structures department, Home Front 
Command, Ramle, Israel. 

Hu, Y., Xia, C., Chen, J., Gao, X., 2023. Clash context  
representation and change component prediction based 
on graph convolutional network in MEP disciplines. 
Adv. Eng. Inform. 55, 101896. 
https://doi.org/10.1016/j.aei.2023.101896 

Kipf, T.N., Welling, M., 2016. Semi-supervised  
classification with graph convolutional networks. 
ArXiv Prepr. ArXiv160902907. 

Mazairac, W., Beetz, J., 2013. BIMQL An open query  
language for building information models. Adv. Eng. 
Inform. 27, 444–456. 
https://doi.org/10.1016/j.aei.2013.06.001 

Nawari, 2019. A Generalized Adaptive Framework  
(GAF) for Automating Code Compliance Checking. 
Buildings 9, 86.  
https://doi.org/10.3390/buildings9040086 

Solihin, W., Eastman, C., 2015. Classification of rules for  
automated BIM rule checking development. Autom. 
Constr. 53, 69–82. 
https://doi.org/10.1016/j.autcon.2015.03.003 

Veličković, P., Cucurull, G., Casanova, A., Romero, A.,  
Lio, P., Bengio, Y., 2017. Graph attention networks. 
ArXiv Prepr. ArXiv171010903. 

Vilgertshofer, S., Borrmann, A., 2017. Using graph  
rewriting methods for the semi-automatic generation of 
parametric infrastructure models. Adv. Eng. Inform. 
33, 502–515. https://doi.org/10.1016/j.aei.2017.07.003 

Wang, Z., Sacks, R., Yeung, T., 2022. Exploring graph  
neural networks for semantic enrichment: Room type 
classification. Autom. Constr. 134, 104039. 
https://doi.org/10.1016/j.autcon.2021.104039 

Wu, J., Dubey, R.K., Abualdenien, J., Borrmann, A.,  
2023. Model Healing: Toward a framework for 
building designs to achieve code compliance, in: 
ECPPM 2022-eWork and eBusiness in Architecture, 
Engineering and Construction 2022. CRC Press, pp. 
450–457. 

Wu, J., Zhang, J., 2019. New automated BIM object  
classification method to support BIM interoperability. 
J. Comput. Civ. Eng. 33, 04019033.

Wülfing, A., Windisch, R., Scherer, R., 2014. A visual 
BIM query language, in: eWork and eBusiness in 
Architecture, Engineering and Construction: ECPPM 
2014. p. 157. 

Zhang, J., El-Gohary, N.M., 2017. Integrating semantic  
NLP and logic reasoning into a unified system for fully-
automated code checking. Autom. Constr. 73, 45–57. 
https://doi.org/10.1016/j.autcon.2016.08.027

339



2024 European Conference on Computing in Construction 
Chania, Crete, Greece 

July 14-17, 2024 

NLP-BASED DATA-ENRICHMENT FOR BUILDING MANAGEMENT 
Hamada Elshaboury1, Fulvio Re Cecconi2, Enrico De Angelis3, Luciano Baresi4, Vincenzo Scotti5 

1,2,3ABC Department, Politecnico di Milano, Milan, Italy 
4,5DEIB Department, Politecnico di Milano, Milan, Italy 

Abstract 

One of the main challenges in building management is 
dealing with the large amount of unstructured data pro-
duced throughout the asset's life cycle. At handover, 
Building Information Models often provide low-quality, 
incomplete data, necessitating extensive manual rework 
to elicit information from many sources. To minimize this 
manual rework, this study proposes an automated Infor-

mation Extraction (IE) procedure, applied to the design 
and construction documents to extract information, enrich 
a model (COBie format), and maximize the transfer of 
structured data to the client. The proposed approach is 
based on Natural Language Processing (NLP) and adopts 
Transformer-based Named Entity Recognition (NER) and 
Relation Extraction (RE) methods for IE. It was evaluated 
and achieved good performance, with average F1 scores 
of 0.73 for NER and 0.91 for RE, representing a step to-
ward a reliable tool for an enhanced data handover pro-
cess. 

Introduction 

During the design and construction phase, a significant 
number of text documents are produced, not only by the 
design team but also by the contractor, suppliers, client, 
and consultants. Design documents and specifications are 
followed by building performance reports (structural 
safety, energy, acoustics...), contractor's method state-
ments, risk assessments, health, safety, and maintenance 
plans, inspection and commissioning reports, product 
sheets and declarations, etc. However, all these docu-
ments contain poorly accessible, unstructured information 
that can only be retrieved through manual searches (Mar-
zouk and Enaba, 2019). 
Building Information Modelling (BIM) has emerged as 
the leading digital solution in the Architecture, Engineer-
ing, and Construction (AEC) industry to support the de-
sign, construction, and subsequent management phases, 
as facility managers can use the same physical and func-
tional information defined in the early phases to plan and 
manage maintenance operations. However, the actual sit-
uation is not ideal. On the one hand, digital models are 
often unable to easily incorporate all the data produced 
(also because of the low digital readiness of stakeholders 
and their models). On the other hand, the information cre-
ated is often incomplete, inaccurate, inconsistent, com-
plex, large, and poorly standardized. As a result, BIM, as 
an enabler for providing reliable information for building 

management, faces numerous challenges (Tsay et al., 
2022; Ullah et al., 2019).  
In response to these issues, US agencies, with the help of 
the National Institute of Building Sciences, have devel-
oped a standard digital data schema known as Construc-
tion Operations Building Information Exchange (COBie) 
to streamline access and manipulation of BIM data. A 
COBie file can be exported as an Excel spreadsheet or IFC 
STEP file from any BIM model. However, a COBie file 
reflects the quality of the BIM model from which it was 
generated. In addition, some of the information in the BIM 
model dataset is not exported in the COBie file (Kumar 
and Teo, 2020), increasing the manual effort required to 
have complete information to support the management of 
maintenance and operations planning.  
Recognizing these challenges, this study uses NLP to en-
hance the handover process, as shown in Figure 1, by de-
veloping a methodology in three steps: data preparation 
(1), information extraction (2), and integration into CO-
Bie (3). 

Figure 1: Handover problem statement and proposed solution 

This paper is organized as follows: an introductory State 

of the Art, a Methodology section detailing the proposed 
approach, a third section for Experiments, and, eventually, 
a Conclusion and References section. 

State of the Art 

NLP and Data Management in the AEC Industry 

NLP joins linguistics with computer science, empowering 
our lives with tools and techniques to perform machine 
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reading, comprehending, and analyzing human-written 
documents (Salama and El-Gohary, 2013). As a result of 
these capabilities, NLP has been widely applied in a 
highly documented sector as the AEC industry (Marzouk 
and Enaba, 2019) to improve the management of many 
processes such as safety (Zhang et al., 2019), risk assess-
ment (Zou et al., 2017), quality control (Jeon et al., 2021), 
document management (Qady and Kandil, 2014), and 
code compliance checking ( Zhang and El-Gohary, 2013; 
Zhang and El-Gohary, 2015).  
The cornerstone of improving construction management 
is built on the efficiency and effectiveness of data man-
agement through transforming unstructured texts into 
structured information, enabling organizing and analyzing 
information, and identifying patterns supporting the en-
hancement of planning and decision-making. This trans-
formation from unstructured data into structured infor-
mation, as shown in Figure 2, is executed through a suite 
of NLP tools, such as tokenization, part-of-speech (POS) 
tagging, phrase structure analysis (PSG), stemming and 
integrating with machine learning (ML) and deep learning 
(DL) techniques to perform advanced tasks such as Text
Classification (TC), Document Clustering (DC), Infor-
mation Extraction (IE), and Information Retrieval (IR) to
support data management.

Figure 2: Methodology of NLP application in the AEC industry 

Information Extraction (IE) 

IE is a process that aims to automatically extract specific 
information from unstructured data and represent such in-
formation in a structured format (Salama and El-Gohary, 

2013). IE includes sub-tasks such as Named Entity Recog-

nition (NER), which recognizes and classifies entities into 
predefined categories, and Relation Extraction (RE), 
which extracts the semantic relations between these enti-
ties (Zhang and El-Gohary, 2013). IE methods include 
rule-based, machine learning (ML)-based, and deep learn-
ing (DL)-based approaches.  
In rule-based approaches, the target information is ex-
tracted based on pattern-matching rules coded by experts. 
These rules utilize NLP tools such as POS and PSG for 
sentence analysis, term matching, and semantic analysis 
(Zhang and El-Gohary, 2015). For example, (Zhang and 
El-Gohary, 2013) proposed a semantic and rule-based ap-
proach to extract information from building codes to sup-
port compliance checking. Also, (Li et al., 2016) devel-
oped a rule-based approach to extract spatial rules and 
check compliance of utility spatial specifications with re-
quirements. (Liu and El-Gohary, 2021) proposed a de-
pendency parsing model to extract dependency relations 
between the semantic information elements from bridge 

inspection reports and represent them in semantic infor-
mation sets. Although rule-based approaches have low 
scalability and flexibility and require manual efforts for 
pattern formalization, they have high accuracy.  
In ML-based approaches, models rely on learning from 
data (Russell and Norvig). For example, (Zhang and El-
Gohary, 2016) developed an approach to classify relations 
between BIM and regulations concepts using ML classi-
fiers (SMV, NB, DT, K-NN). ML-based approaches are 
more flexible for modifications, less costly, and require 
fewer manual efforts than rules-based approaches. How-
ever, manual work is still necessary for preprocessing and 
preparing datasets for training and testing. 
DL-based models comprise multiple neural network lay-
ers from various algorithms, allowing them to deeply un-
derstand and represent complex and unstructured data for
NLP tasks (Lecun et al., 2015). Recently, sequence-to-se-
quence models such as Recurrent Neural Networks
(RNNs), LSTM and RGU, along with Convolutional Neu-
ral Networks (CNNs), have been used extensively for IE.
For example, (Zhong et al., 2020) proposed an approach
to support quality management checking using a Bi-
LSTM-CRF-based NER model to identify and label enti-
ties in the clauses and an LSTM-MLP-based RE model to
classify relations between entities into five predefined
groups. (Zhang and El-Gohary, 2022) used a Bi-LSTM-
MLP-based RE model to extract the semantic relations of
building code sentences. (Wang and El-Gohary, 2023)
proposed a CNN and RNN-based method to extract rela-
tions between entities that describe fall protection require-
ments from safety regulations and represent entities with
their relations in query graphs.
Most recently, transformer-based models have gradually
become a trend, utilizing multi-headed self-attention
mechanisms to deeply understand text context and repre-
sentation (Vaswani et al., 2017) and enabling the devel-
opment of pre-trained models (e.g., BERT) (Devlin et al.,
2018). For example, (Zhang and El-Gohary, 2023) used a
BERT–based model to determine the semantic relation
probability between regulatory and IFC concepts. DL-
based approaches are more effective in handling various
data types that exhibit high levels of complexity, achiev-
ing a high semantic analysis and word representation.

Data Handover for Building Management 

There is a paramount interest in using project data for the 
life cycle with the evolution of Building Information 
Modelling, which promotes the incremental collection of 
data (Lindkvist and Whyte, 2013). Nevertheless, limited 
studies have focused on effective and automated building 
information sharing during the commissioning and close-
out stage for efficient building handover, operations, and 
maintenance through its life cycle (Singh and Anumba, 
2023). As a result of this lack of research in the field, the 
automated digital practices to perform the commissioning 
and handover process are still largely unknown.  
Many studies (Cavka et al., 2017; Tan et al., 2018) col-
lectively underscore the importance of knowledge trans-
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fer, information flow, and the use of technology in en-
hancing information management during handover for 
better asset and facility management. COBie, a specifica-
tion for the Construction Operations Building Information 
Exchange, aims to streamline data handover from design 
and construction to facility management (Schwabe et al., 
2018). It is a Model View Definition (MVD) of the Indus-
try Foundation Classes (IFC) as defined in ISO (ISO 
16739-1:2018 ) and was first introduced by the US Army 
Corps of Engineers to enable organizations to electroni-
cally capture and record important project data at the point 
of origin. Because the fundamental purpose of COBie is 
to efficiently obtain information (relevant to facility man-
agement) generated in the design and construction phases, 
an Excel-based spreadsheet that anyone can easily access 
and handle is often used (Shin et al., 2022). A COBie 
datasheet consists of 20 workbooks in which data about 
the facility is stored systematically. The columns and their 
location in the workbooks are fixed, and changing the lo-
cation of columns is restricted. Different colors are used 
to define data inside workbooks (Kumar and Teo, 2020). 
Although COBie has been widely used (Maltese et al., 
2017)(Kumar and Teo, 2020) (Asare et al., 2023) in prac-
tice, creating COBie deliverables can be problematic due 
to misunderstandings among end users and insufficient 
software implementation. This can ultimately lower ac-
ceptance among practitioners. 
COBie data capturing and compiling is a complex pro-
cess; after each project phase ends, a COBie sheet deliv-
erable is required, which needs to be verified with the pro-
ject stage requirements known as COBie “data drops” 
(Love et al., 2014). A typical data drop process requires, 
among other activities, extracting IFC models from native 
BIM models from different disciplines, merging and ver-
ifying for consistency, updating missing information 
through documents, and verifying that the dependency 
and links are maintained. This implies that data needs to 
be entered manually inside the COBie datasheet. The 
transfer of information from as-built documents is one of 
the biggest problems, as much of the information is not 
transferred in COBie format or is transferred with errors. 
Natural Language Processing (NLP) tools can improve 
the information management process by increasing the 
amount of structured data transferred to the client via CO-
Bie. 

Methodology 

In this section, we outline the proposed data enrichment 
methodology, which comprises three steps, as depicted in  
Figure 3: data preparation, information extraction, and in-
tegration into COBie. Recently, NLP has offered many 
DL-based tools to automate text analysis and process
large batches of documents, so the proposed methodology
exploits NLP techniques for language analysis to auto-
mate IE and integration.

Figure 3: Methodology framework 

Step 1: Data Preparation 

Given the use of deep learning, a data-driven technique, 
ground truth data is required to train and evaluate the pro-
posed models. This step, which includes data collection, 
preprocessing, and labeling, is crucial for the model's de-
velopment. 
For data collection, a corpus of unstructured documents 
for design and construction was collected from case stud-
ies provided by one of Italy's largest engineering compa-
nies in Milan and converted into plain text format for eas-
ier processing.  

Table 1: Categories of the Information Entities 

Entity 
Category 

Definition 

Object ID Identify the ID code of an entity “Wall 01” 
Object Identify an entity “internal wall”  

Description Clarify a description for an entity, action, 
attribute  

Section Identify the geographical location of an 
object “north-facing windows” 

Action Identify an activity for an object 
“demolishing”, “building”, “painting” 

Attribute Identify a character that distinguishes an 
object's “thickness,” “airtightness,” and “or 
strength.” 

Value Identify value “15”, a class “U”, or category 
“GBK(A)” for an attribute. 

Unit Identify a unit measure for attribute value 
“cm”, or “REI” for fire resistance. 

Constraint Identify a specific condition for an attribute 
or value or action “equal to”, “in a range”, 
“partially, completely, “fully”. 

Reference Identify a regulation, standard, or code 
explaining how the attribute must be 
evaluated or measured and the object or 
action must be realized. 

After collecting the raw documents, data preprocessing 
was conducted to remove non-textual parts like figures, 
headers, and footers, and sentence segmentation was ap-
plied to isolate the individual sentences. Labeling in-
volves annotating a specific word or more with the corre-
sponding label or the relation between two entities. This 
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process begins with defining labels for the target infor-
mation entities and relation types the proposed models in-
tend to recognize and extract. In this research, the defined 
categories for the information entities and their relation 
types are presented in Tables 1 and 2 and illustrated in 
Figure 4. 

Table 2: Relation types between entities 

Relation 
Type 

Definition 

Identifies Links the unique identifier code (Object 

ID) to the corresponding Object 
PartOf Links an Object to another Object, 

establishing a parent-child relationship 
and the hierarchical structure 

DescribedBy Links an Object or Action to a Description 
that provides more details  

LocatedIn Links an Object to a specific geographical 
location (Section) in a building 

RequireAction Links an Object to an Action that specifics 
the activities or tasks to be realized  

HasAttribute Links an Object to an Attribute that 
specifies its characteristics   

HasValue Links an Attribute with a specific Value 
for its characteristics  

MeasuredIn Links a Value to a Unit, specifying the 
unit of measurement for the value 

HasConstraint Links an Action or Value to a Constraint, 
specifying the conditions for this value or 
action.  

Referenced Links either an Object, Action, or Value to 
a Reference establish the connection 
between a regulation, standard, or code 
and its application to an object, action, or 
value. 

An open-source data labeling platform, ''Label Studio'' 
was used to facilitate manual labeling,  applying two dis-
tinct notations. For the NER task, the Beginning-Inside-
Outside (BIO) labeling schema was used, where each 
word in a sentence was labeled manually to indicate 
whether it was the beginning or inside of a specific entity 
or not a part of any entity (outside).  In the RE task, a sin-
gle relation type was assigned between each input pair of 
entities using the tagging schema of the SemEval 2010-
Task 8 datasets to mark the entity's positions with <e1> 
and </e2> XML-like tags, as shown in Figure 6.b.  

Step 2: Information Extraction (IE) 

In this study, we introduce a modular IE pipeline compris-
ing two respective tasks: 1) Named Entity Recognition 
(NER) to process a plain text document or a specific seg-
ment and extract all entities that exist in the text according 
to Table 1; and 2) Relation Extraction (RE) to extract and 
classify the relation between each pair of entities follow-
ing Table 2. By iteratively applying these two steps across 
the entire document corpus, we methodically construct a 

comprehensive and structured knowledge base that encap-
sulates atomic entities and delineates their interrelations, 
as shown in Figure 5. This step consists of three sub-steps: 
model development, training, and evaluation, as discussed 
below.  

Figure 4: Entity categories and Relation types 

Figure 5: Information Extraction (IE)  pipeline 

Model development 

Following current state-of-the-art NLP applications built 
using a transformer neural network, pre-trained language 
models were selected as the base for the NER and RE 
tasks composing the pipeline. As a classification task, a 
bi-encoder architecture is more suitable where the model 
architecture consists of an input, encoding, and output 
layer, as shown in Figure 6 and described below: 
Input (embedding) Layer: converts each word in the input 
text to a vector representation by tokenizing sentences, 
padding, converting tokens to IDs, adding an attention 
mask and two special tokens [CLS] and [SEP] to deter-
mine the starting and ending of each sentence.  
Encoding Layer: feeds the embedding vectors of tokens 
from the input layer into transformer encoder blocks pass-
ing with the multi-head attention followed by the feed-
forward network, with add & normalize layers,  and the 
output of each block is passed to the next one as input. As 
a result, the final output from the last block represents a 
highly contextual embedding vector (hidden state), con-
sidering both the left and right contexts, semantics, and 
synthetic relationships.  
Output (classification) layer: takes the final hidden states 
from the last layer as input, applying a SoftMax function 
to calculate probabilities.  
In the NER task, as depicted in  Figure 6. a, given a piece 
of text passing through the input and encoding layers, the 
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language model computes a probability distribution over 
the class labels for each input token and selects the most 
probable class label associated with each token. The class 
label indicates whether the token corresponds to the be-
ginning, inside, or outside of a specific entity. Once a text 
is tagged, named entities are extracted, searching for the 
beginning of each entity and taking that first token with 
all the inside tokens associated with that same entity. 

In the RE task, as illustrated in Figure 6. b, the input piece 
of text has four additional tokens to mark the beginning 
and end of the first and second entities; passing through 
the input and encoding layers, the language model com-
putes a probability distribution over the class labels and 
selects the most probable class label associated with the 
input text to tag the relation type between the two marked 
entities. 

a. Transformer-based NER model b. Transformer-based RE model

Figure 6: Architecture of the language model for the NER and RE tasks  

Model training 

As pre-trained language models on a large general domain 
corpus, there is a need to fine-tune these models for spe-
cific downstream tasks (i.e., NER and RE). The objective 
is to minimize the negative log-likelihood of the target 
class(es) associated with the input text. Cross-entropy, 
serving as a cost function, calculates the discrepancy be-
tween the actual and predicted labels/relations, assessed 
after the model's forward pass; during the backpropaga-
tion, the optimizer updates the model weights based on 
the gradient of the loss and learning rate scheduler.  

Evaluation 

In the realm of IE, there are three common metrics for 
performance evaluation: Precision (P), Recall (R), and 
F1-score (Zhai and Massung, 2016), as delineated in 
Equations 1 to 3, with their values ranging from 0 to 1, 
where 0 is the worst score, and 1 is the best. For instance, 
R = 1 signifies that the model correctly identified all ac-
tual positives, P = 1 indicates that all positive predictions 
were correct, and F1 = 1 indicates a perfect harmonic bal-
ance between R and P.  

𝑅𝑒𝑐𝑎𝑙𝑙 (𝑅)  =  
𝑇𝑃

𝑇𝑃+𝐹𝑁
  (1) 

𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 (𝑃)  =  
𝑇𝑃

𝑇𝑃+𝐹𝑃
  (2) 

𝐹1 =  2 𝑥 
𝑃 𝑥 𝑅

𝑃+ 𝑅
  (3) 

Step 3: Information integration into COBie  

In this step, we merge the extracted information with the 
COBie format, where the relations, as depicted in Table 2 
, establish interactive connections and contextual associa-
tions between the entities, creating a semantic-structured 
knowledge base to support the integration process. To 

achieve this, two models will be developed: 1) a Trans-
former-based model to classify the extracted entities from 
Step 2 into COBie sheets, 2) a Rule-based model to match 
the entities with COBie sheets, and embed information 
into COBie data fields. Further details and experiments on 
this step will be pursued in future research directions.  

An example to illustrate the application of the proposed 
methodology to enrich the COBie schema is shown in 
Figure 7.  

Experiments 

In this section, we describe the implementation of the IE 
pipeline, training settings, and evaluation results. 

Data preparation 

Wall specification documents from the collected corpus 
were used as a case study to prepare the dataset to train 
and test the models. These documents include detailed in-
formation regarding wall layers, materials, characteristics, 
and state-of-the-art construction procedures. Following 
the procedure outlined in Step 1, a dataset was developed 
encompassing approximately 2400 entities and 1000 rela-
tions representing all entity categories and relation types 
in  Figure 4. 

Implementation 

The proposed IE pipeline was implemented using two 
prominent bidirectional language models, BERT (Devlin 
et al., 2018) and RoBERTa (Conneau et al., 2019), from 
the Transformers library in the Hugging Face model hub.  
Table 3 Provides the considered models' variants and ref-
erence names; some were pre-trained on multiple lan-
guages, while others were pre-trained on Italian. The im-
plementation was conducted using PyTorch, built with  
Python 3, and executed on a T4 GPU provided by Google 
Colaboratory. 
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Figure 7: Enriche COBie schema using the proposed methodology

Table 3: Variants of BERT and RoBERTa models for the NER 

and RE tasks 

Reference Name No. of 
Layers 

Parameters 

Multilingual Bert   
(Cased - Uncased) 

12 layers 110M 

XLM-Roberta Large 24 layers 550M 

Italian ALBERTO  
(Uncased)  
(Polignano et al., 2019) 

12 layers 110M 

dbmdz-Italian Bert -XXL 
(Cased - Uncased) 

12 layers 110M 

Training  

The language models were fine-tuned using the labeled 
dataset, which was split into training, validation, and test-
ing sets with 80%,10%, and 10%, respectively, for the 
NER task and 64%, 12%, and 24%, respectively for the 
RE task. The configuration and hyperparameters stayed 
the same for the models, as provided in Table 4.  

Evaluation and results 

The evaluation was conducted using the testing dataset 
alongside selected transformer-based models. Table 5 
Provides the results of the experiments where the "xlm-

roberta-large" model emerges as the most effective in the 

IE pipeline, achieving the highest precision, recall, and F1 
scores for both tasks. It achieved F1 scores of 0.73 for 
NER and 0.91 for RE, respectively, outperforming other 
models with an average increase of 8.8% for NER and 
5.2% for RE tasks. 

Table 4: Values of the hyperparameters of the language models 

Hyperparameter Value 
Maximum length  128 
Batch size of data loader 32 
Adam learning rate 1e-5 
Dropout Rate  0.1 
Early stopping condition 5 epochs 

Regarding the results of the RoBERTa model, the model 
indicated a good capability in identifying entities "Ob-
ject", "Value", "Attribute", and "Unit", achieving rela-
tively high F1-scores ranging from 0.75 to 0.90; con-
versely, it encountered challenges in recognizing entities 
"Description", "Action", and "Constraint" as reflected by 
lower F1-scores from 0.33 to 0.62. For the RE task, the 
model demonstrated a robust performance across various 
relation types achieving high F1-scores ranging from 0.88 
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to 0.97 for relations "HasValue","DescribedBy","HasAt-
tribute","Partof","ReferencedIn", and "MeasuredIn" and 
moderate F1- scores from 0.67 to 0.78  for "LocatedIn", 
"RequiresAction", and  "ConstrainedBy" ones. The limi-
tations in the model's performance in identifying and rec-
ognizing these entities or relation types can be attributed 

to restricting their examples in the training dataset. Con-
sequently, the model encountered interpretation complex-
ities when distinguishing within the text. These results are 
satisfactory given the current volume of the dataset and 
underscore the potential for enhancing the performance 
once more data becomes available. 

Table 5: Results of the proposed IE pipeline (NER and RE tasks) with the language models 

Model NER RE 
P R F1 P R F1 

Bert-base-multilingual-cased 0.63 0.69 0.64 0.89 0.89 0.89 
Bert-base-multilingual uncased 0.64 0.64 0.62 0.83 0.84 0.83 
xlm-roberta-large 0.74 0.74 0.73 0.91 0.91 0.91 

Bert_uncased_ italian_alb3rt0 0.69 0.68 0.67 0.86 0.86 0.86 
dbmdz/bert-base-italian-xxl-cased 0.64 0.68 0.63 0.87 0.86 0.86 
dbmdz/bert-base-italian-xxl-uncased 0.67 0.69 0.65 0.85 0.86 0.85 

Conclusion 

This study contributes to building management by en-
hancing information management during the handover 
process, enabling effective planning and management of 
maintenance operations. It proposed a methodology aim-
ing to provide an enriched data schema (COBie) that inte-
grates information from both the design and construction 
phases with less manual effort and time consumption,  
overcoming some of the prevalent challenges, such as 
data interoperability issues and the high level of documen-
tation in the construction sector. The methodology com-
prised three main steps: data preparation, information ex-
traction (IE), and integration into the COBie format. En-
tity categories and relation types were identified to pre-
pare the labeled data, and two transformer-based models, 
BERT and RoBERTa, with their variants, were utilized to 
implement the proposed IE pipeline, automating Named 

Entity Recognition (NER) and Relation Extraction (RE) 
tasks. The proposed IE pipeline was tested using wall 
specification documents as a case study, and the "xlm-rob-

erta-large" language model delivered the highest perfor-
mance on both tasks, achieving an average F1-score of 
0.74 in the NER task and 0.91 in the RE. These scores can 
be considered good results given the current data volume. 

Future research directions include: 1) Implementing Step 
3 to integrate the extracted entities and their relations into 
the COBie format; 2) Expanding the labeled dataset by 
considering a broader range of design and construction 
documents to improve the models' performance, scalabil-
ity, and robustness; 3) Large Language Models (LLMs) 
will be used for the NER and RE tasks,  and evaluated for 
their effectiveness in the given context, and 4) Performing 
a comparison to a COBie data extraction tool. 
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Abstract 
Industry experts working on renovation projects rely on a 
wide range of information. Standards to connect this 
information are lacking, as well as tools to communicate 
the data with the industry expert. This study researches 
the application of semantic web technologies to connect 
heterogeneous data in renovation projects. Based on this 
connected data, we present a web-based linked building 
data viewer through which practitioners can ask relevant 
questions about a project. Close collaboration with 
industry experts led to time improvements and a positive 
attitude towards data-driven support systems. 

Introduction 
Historical buildings hold significant cultural and 
economic value and are key elements of a country’s 
cultural heritage. Governments implement policies and 
regulations to safeguard and preserve those buildings. To 
do so, practitioners rely on a lot of information about the 
monument. This information is, however, often 
documented using various standards, data formats, and 
software systems, resulting in a situation of fragmented 
information that is difficult to manage. 
The construction industry is increasingly adopting 
Building Information Modeling (BIM) as a method to 
digitize information in collaborative workflows. The 
Industry Foundation Classes (IFC) is a widely recognized 
standard to store information about objects in BIM 
models. Common Data Environments (CDE) provide 
ways to collaboratively use IFC-based BIM models and 
other information. However, the capabilities of those 
CDEs to provide users with an integrated overview of 
information are often limited, as the lack of data 
integration standards and the vendor lock-in of these 
systems make it difficult to link related information across 
different systems and stakeholders. 
Semantic web technologies promise to alleviate some of 
those issues, as they enable connecting and structuring the 
currently fragmented datasets from various domains and 
stakeholders (Pauwels et al., 2017), and applying those 
technologies to integrate BIM models with built heritage 
information could help in structuring, validating, 
visualizing, and sharing information in monumental 
restoration and preservation projects. Efforts in this 
direction have already been made by other researchers. 
Hamdan et al. (2019) developed a modular ontology for 

1 https://ld-bim.web.app/ 

defining damaged objects and their topology. Bonduel 
(2021) contributed to the development of a network of 
new and existing modular ontologies to integrate 
heterogeneous built heritage information. These works 
both conclude that more research is needed to apply linked 
data in real projects and that a better translation from real-
world processes to semantic web technologies is 
necessary.  
Next to the necessary development of more data 
integration standards, Hamdan et al. (2019) suggest that 
those standards should also be linked to practical actions 
so that integrated data can actually answer the questions 
of end users. Bonduel (2021) suggested the development 
of demo applications to translate the integrated data to end 
users. Various initiatives to build web-based linked 
building data viewers exist, such as LBDviz (Donkers et 
al., 2023), LD-BIM1, RUB-IP (Hagedorn et al., 2023), 
BIM-SIM (Chamari et al., 2022), and ConSolid 
(Werbrouck et al., 2024). However, the current 
functionalities of those viewers are limited and use in a 
heritage context requires specific functionalities that are 
related to the requirements of end users in this specific 
domain (see Figure 2). 
Other research has already made efforts that could help in 
structuring, validating, visualizing, and sharing data in the 
context of restoration projects. However, in practice, there 
still exists a research gap in structuring and visualizing 
such data in the construction phase of heritage projects. 
The created solution should use these new techniques 
while being integrated with existing processes and tools 
on site. This paper investigates the capabilities of 
applying semantic web technologies to integrate 
information from BIM models with other files and 
information used by practitioners. This work hereby 
focuses on the integration of data that is not exclusively 
restricted to RDF graphs. Instead, a software solution is 
relied upon that combines multiple datasets of multiple 
types, sometimes referred to here as ‘connected data’. 
This setup and approach is not much different from 
several recent digital twin implementation initiatives.  
This paper presents an ontology and a software tool to 
integrate data related to built heritage and make this data 
accessible to practitioners. Section 2 first presents state-
of-the-art built heritage data integration, with a specific 
focus on natural stone renovation projects in the 
Netherlands. The processes in natural stone renovations, 
including the relevant information streams, are then 
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analyzed, including the relevant end users and their 
requirements. Those requirements are then translated into 
a software architecture. The information requirements are 
also translated into a network of ontologies, combining 
both existing ontologies and a newly developed extension. 
These methods are then finally used to develop a web-
based tool that enables different end users to interact with 
the integrated information. The tool is validated in a real-
world case study at the Dam Square in Amsterdam, The 
Netherlands. 

Related Work 
Conservation of Natural Stone Built Heritage 
Historical buildings in the Netherlands hold cultural and 
economic value, attracting tourists and preserving the 
country's heritage. The conservation of these buildings is 
regulated through self-regulation and guidelines 
established by the Dutch Cultural Heritage Agency (RCE) 
and the Foundation ERM (Naldini & Hunen, 2019). The 
ERM guidelines provide technical specifications and 
quality standards for restoration work, ensuring the 
preservation of historical value. The process involves 
inspections, damage assessment, identification of 
cultural-historical value, determination of appropriate 
materials and techniques, and decision-making using the 
"Conservation ladder" (Lubelli et al., 2021). The whole 
conservation cycle should be documented to provide 
valuable information for future restoration projects. For 
natural stone restoration projects, aspects such as cultural-
historical value, damage assessment, damage 
identification, material type, and shape need to be 
documented (ERM, 2020). Documenting these aspects is 
done using a wide range of standards and data formats, 
creating a situation that is difficult to manage. 

Connected Data 
Several initiatives have aimed to develop web-based 
building data. One of the first initiatives was the creation 
of ifcOWL, which translated the IFC schema into an 
RDF-based schema using semantic web technologies 
(Beetz et al., 2009; Pauwels & Terkaj, 2016). However, 
as it mirrors the IFC EXPRESS schema, it inherits the 
same complex structure and size. The Linked Building 
Data Community Group of the World Wide Web 
Consortium (W3C LBD CG) was created to identify and 
align ontology development initiatives for building data. 
The approach they took was to create a set of 
interoperable, flexible, and open standards covering 
different aspects and domains (Rasmussen et al., 2020). 
Rasmussen et al. (2017) took the first step in creating the 
Building Topology Ontology (BOT), which is a flexible 
and lightweight ontology to define the relationship 
between elements within a building. This is a basic 
ontology that describes building structures using the 
classes bot:Building, bot:Storey, bot:Space, and 
bot:Element. Implementing this ontology would result in 
a shift from file-based collaboration to data-centered 

collaboration using RDF, directly linking data instead of 
referring to other documents.  
While the use of RDF graphs is immensely powerful to 
create a semantically rich cloud of linked data, several 
other types of data exist that typically do not fit this RDF 
graph principle. Several hybrid methods have therefore 
been proposed and deployed in the last few years that 
combine semantic web technologies with 3D models, 
pictures, point clouds, and so forth, e.g. Werbrouck et al. 
(2020). Another example is the use of semantic web 
technologies to describe information that does not fit into 
the BIM exchange schema IFC, for instance describing 
information about damages on objects while linking to the 
actual object in the IFC model (Hamdan et al., 2019). Also 
smart building implementations, e.g. based on Brick, 
adopt this approach to connect to telemetric data (Chamari 
et al., 2023). The adoption of semantic web technologies 
for the description of heritage buildings could help in 
integrating the different data sources into a full virtual 
representation. These hybrid methods, which integrate 
semantic web technologies with BIM models and other 
files, are considered a highly promising route for handling 
the data heterogeneity challenges in the built heritage 
domain.  

Existing Ontologies Related to Natural Stone 
Restoration  
Researchers proposed various ontologies that enable the 
representation, classification, and relationship modeling 
of historical buildings, their components, damages, 
inspections, interventions, geometry, and additional 
properties. Bonduel (2021) proposes the Construction 
Tasks Ontology (CTO), as an extension to BOT, 
providing terminology for construction tasks. The 
Damage Topology Ontology (DOT) contains classes and 
properties that define topological relations between the 
damage and the affected building components (Hamdan 
et al., 2019). Based on the same principles as BOT, DOT, 
and CTO also support the creation of extensions in a 
specific domain. Bonduel (2021) used this principle when 
converting the MDCS damage atlas into an ontology that 
extends DOT. Another example is the Natural Stone 
Damage Ontology (NSD), which is based on a different 
damage atlas (Hamdan, 2023; Seeaed & Hamdan, 2019). 
Seeaed & Hamdan (2019) have also developed the Stone 
Component Ontology (SCO), as an extension ontology of 
BOT, for semantically modeling natural stone facades. 
Furthermore, the Ontology for Managing Geometry 
(OMG) provides generic concepts for managing geometry 
descriptions in a semantic web context (Wagner et al., 
2019). It focuses on general-purpose functionalities that 
allow the handling of single, multiple, and versioned 
geometry descriptions. OMG can be extended by the File 
Ontology for Geometry formats (FOG), which extends the 
OMG to describe file format, versioning, and object 
identifier information for geometry data (Bonduel et al., 
2019). All these ontologies were developed using the 
principles of the W3C LBD CG, creating modular data 
structures that can be used following a plug-and-play 
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principle to represent information in for example a natural 
stone restoration project.   
These evolutions also happened in practice. The Dutch 
Cultural Heritage Agency (RCE) has published its 
registry of national monuments2 as a large RDF graph or 
knowledge graph. This dataset is also linked with a 
registry of all buildings and addresses in the Netherlands3 
(BAG), which is one of the registries that is published and 
maintained as a knowledge graph by the Dutch cadaster. 
The RCE has also published thesauri terms as linked data 
using SKOS (CHT)4. This includes, for example, different 
types of damages and materials.  

Methodology 
This paper starts with natural stone renovation projects 
and investigates the use of the presented technologies and 
workflows (connecting data) for this data challenge. This 
paper first reviews the existing processes in natural stone 
renovation projects. Expert interviews with a project 
leader, planner, BIM coordinator, and BIM manager 
resulted in a list of competency questions which is 
translated to a use case diagram. Based on those 
competency questions and the processes in natural stone 
renovation projects, a network of ontologies is created 
that can support integrating the available data. The use 
case diagram is then translated into a system architecture 
that enables the end users to interact with the various types 
of information through a web application: Heritage 
LBDviz. A prototype of this application is tested using a 
real-world renovation project of the Dam Square in 
Amsterdam, The Netherlands, and validated against the 
competency questions in collaboration with the industry 
professionals. The development and validation of this tool 
was an iterative process with industry professionals where 
different functionalities were created and validated 
through three iterations: definition of the competency 
questions and use case diagram, development of the user 
interface, and validation. 

Natural Stone Restoration Processes 
The process of natural stone facade restoration consists of 
a series of tasks depending on the type of intervention that 
needs to be performed. To visualize this process, a BPMN 
schema was created, see Figure 1. The ERM guidelines 
(ERM, 2020) specify that information should be 
documented throughout the conservation cycle of a 
heritage property. The data column in Figure 1 shows 
when this data is collected. This gives an insight into when 
information is generated so that it can be associated with 
specific parts of the process. The schema does not show 
every possible workflow. However, it gives a clear 
overview of the main steps that are part of the process and 
the different types of workflows that are possible.  
Firstly, an inspection of each object in the building is 
carried out in two steps. The first is aimed mainly at 

2 https://linkeddata.cultureelerfgoed.nl/ 
3 https://labs.kadaster.nl/cases/bag-ld 

gathering information about the object. This information 
is often gathered in a spreadsheet. In the second step, it is 
decided what intervention is needed. This information is 
then used to produce a cost estimation, including the type 
of replacement material, which creates an additional 
spreadsheet of information. Once the interventions and 
costs are known, the actual work on the construction site 
begins. Three types of workflows are used in the 
execution of the interventions. Some interventions can be 
carried out in situ, creating a simple process with only one 
task: the repair. However, it is often necessary to carry out 
an intervention in the masonry workshop, which results in 
a series of additional tasks. In this case, the object must be 
dismantled from the building and then transported to the 
masonry workshop. Once the object has been repaired or 
reconstructed, it can be transported back to the site where 
it is reassembled in the building. Dismantling an object 
can require some of the surrounding objects to be 
dismantled as well. These are then transported to a 
location for temporary storage and, when the time is right, 
transported back to the site and used in a reassembly task. 
Progress is recorded at different steps by taking photos of 
the object. When all the work has been carried out and all 
the objects are back in place, a check is performed to 
ensure that the result meets the desired quality. 
Throughout the process, the multiple sources of data are 
passed on to different stakeholders to meet their 
information needs. This creates a situation where multiple 
sources of data exist in different places. 

End User Requirements 
During interviews with the industry experts about what 
information they need throughout the process, several 
competency questions were identified. Below are some of 
the most pressing ones. 
CQ1 What is the location of the object in the building? 
CQ2 What photos are available of a specific object?  
CQ3 What is the volume, material, and shape of the 
object?  
CQ4 What interventions are conducted on an object? 
CQ5 How to give an overview of all relevant information 
on an object?  
CQ6 What is the height of the object relative to ground 
level?  
CQ7 What is the progress status of every object in the 
building?  
The various competency questions were translated into 
use cases to be implemented as functionalities in the 
system (Fig. 2). They thus inform the normal user 
requirement definition stage of a regular software 
development process. These functionalities can then be 
developed during the different iterations of the prototype 

4 https://data.cultureelerfgoed.nl/term/id/cht.html 
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development. Each use case either supports another use 
case or provides an answer to one of the competency 
questions.  Multiple types of users are considered in the 
use cases being developed. The use cases for the beginner 
user focus on recognizable output, extended with new 
possibilities that introduce the user to the system. A more 
advanced user is provided with functionalities to find 
traditional information through the system. Finally, a pro 
user is also provided with the ability to create queries 
based on their extensive knowledge of the data structure.   

System Architecture 
Based on the existing processes and the end user 
requirements, a 5-layer conceptual system architecture 
was established for combining the RDF graphs with 3D 
models and other files, see Figure 3, following earlier 
found best practices (Donkers et al., 2023). The resources 
layer contains the heterogeneous data produced in the data 
layer in Figure 1, including BIM models, photos, and 

states. The data is structured using a network of 
ontologies. An ETL procedure then transforms some of 
the source information to RDF and loads the data into the 
RDF graph. The Connected Data layer combines an RDF 
graph in the backend with links to the 3D BIM model and 
other files. As said, this is similar to recurring Digital 
Twin development projects. A services layer provides 
capabilities to query data from the connected data layer 
and ask questions about this information. Users can 
interact with this information via user interfaces. This 
paper presents a 3D model viewer - Heritage LBDviz - 
and a spreadsheet exporter as user interfaces that 
implement functionalities based on the described use 
cases. The architecture defines the components 
independently of the selected solutions, focusing on the 
responsibilities of these different layers in the system. 
Implementation of the system architecture must include 
considerations for communicating between different 
layers.  

Figure 1: BPMN schema of a natural stone renovation process 
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Results  
After development, the prototype was validated in a real-
world setting. The restoration of the National Monument 
on Dam Square was chosen as a case study. The 
monument consists of a pylon with statues and a memorial 
wall with reliefs. In front of the monument, two lion 
figures stand as sentinels. The twenty-two-meter-high 
pylon, that is made of concrete, the memorial wall and the 
lions are cladded in travertine, a marble-like porous 
limestone from Tuscany, Italy. The last restoration took 
place in 1997. In 2022, 25 years later, the National 
Monument needed to be repaired or restored. During the 
restoration, the travertine elements were dismantled and 
transported to the stonemasonry workshop, where they 
were cleaned, repaired, and replaced where necessary, 
minimizing disruption to the Dam Square. The dataset 
provided does not include all the data described in the 
process schema, but the project offers a realistic 
representation of the current way in which practitioners 
operate and collect and manage data. The following data 
sources were available for this research: a Revit model 
and PDF elevations to give an insight into the geometry 
of the building objects; the Autodesk Build system used 
to carry out the inspection, which contains data on object 
properties and photographs; the actual set of photographs 
taken during the process; and finally some data 
documented in several spreadsheets, such as the 
interventions carried out on the elements and the 
dimensions of all the objects.  

Network of Ontologies 
Based on all the available data, a mapping was done to 
find all the classes for the case project data in the BOT 
ontology and all its extensions, such as CTO, DOT, and 
OMG. However, some of the data available in this case 
study could not be described using these existing 
ontologies. The Restoration Intervention Information 
(RII) ontology was created to define a set of classes and 
relationships to fill this gap. The ontology focuses on the 
interventions that are carried out on the heritage assets and 
the different properties of elements that are used as 
information in this process. The ontology describes 
classes of interventions based on the conservation ladder, 
defining the class rii:Intervention and its subclasses 
rii:Preservation, rii:Repair, rii:Reconstruction (Fig 4). 
These interventions are then linked to the 
cto:InspectionTask for which they were selected and the 
dot:Damage they are intended to cover. Finally, the 
cto:hasTaskContext is used to group the various 
cto:RepairTask instances that are performed to carry out 
the rii:Intervention. In addition to interventions, the 
ontology is also used to add external resources to the 
graph, specifically photos. The DOT ontology already 
defines a dot:ExternalResource, but this is specifically 
described as documentation that should only be damage-
related. As not all information is damage-related, it was 
decided to use the class rii:ExternalResource with the 
subclass rii:ExternalImage, which is used in combination 
with the data property rii:filePath to link to externally 
stored images (Fig. 4).  

Figure 2: Use case diagram 

Figure 3: System architecture of Heritage LBDviz 
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The ontology also includes an OWL property chain based 
on cto:isSubjectOfTask and rii:capturedDuringTaks, 
creating the relation rii:hasDescriptionInResource with 
the inverse rii:describesElement. The RII ontology is 
available at https://marijnjanssensteenberg.github.io/rii#.  

Heritage LBDviz 
To demonstrate the possibilities of our method in the 
context of restoration projects, a web application has been 
developed, serving as an easily accessible user interface 
that practitioners can visit through their browsers. This 
application - Heritage LBDviz - is an extension of the 
already existing LBDviz (Donkers et al. 2023). The tool 
(Figure 5) is a single-page web application combining an 
IFC viewer with several menu windows. IFC files are 
loaded through the IFC.js library, a JavaScript library that 
allows users to load, view, and edit IFC models in the 
browser. It also parses the IFC file to JSON so that one 
can interact with it through JavaScript. Behind this IFC 
file is a backend with the data, including RDF graphs and 
non-RDF data. This data can be accessed via 
Comunica.js, a meta query engine that can be used to 
execute SPARQL queries against multiple SPARQL 
endpoints or RDF files simultaneously. Heritage LBDviz5 
and a guide to recreate the tool6 are available on GitHub.  
Heritage LBDviz aims to fulfill the competency questions 
suggested by practitioners by adding the functionalities as 
shown in the use case diagram (Figure 2). First, beginner 
users can open the URI of a specific object, which will 
automatically open the viewer and highlight the specific 
object (CQ1). One can then use the various query 
functionalities to ask for information about this object, 
either by manually creating SPARQL queries or by using 
the predefined SPARQL queries hidden behind buttons in 
the user interface. This allows users to query information 

5 https://github.com/MarijnJanssenSteenberg/Heritage-LBDviz 

from the RDF graph, such as an object’s material, size, 
and other properties (CQ2) and current and historical 
interventions on the object (CQ4), as well as non-RDF 
data such as photos (CQ3). All photos linked to an object 
can be queried and will be printed in the user interface 
(Figure 5). Next to printing results of queries in the user 
interface, Heritage LBDviz also allows users to export the 
results into spreadsheets. Those spreadsheets replace the 
traditionally manually created spreadsheets, saving time, 
while also allowing interaction between the spreadsheet 
and the viewer through hyperlinking cells with the URIs 
of objects (CQ5). Finally, users can interact with the IFC 
model in the viewer, for example by measuring distances 
in the 3D model (CQ6) and by highlighting objects. Using 
the ontology, Heritage LBDviz can also perform live 
reasoning and infer the current status of all elements in an 
IFC model after which all elements are highlighted using 
associated colors (CQ7). 
Heritage LBDviz was validated using the Dam Square 
monument and the system was tested together with 
industry experts. Firstly, the tool seems to significantly 
save time in finding information on a specific object. 
Construction workers now don’t need to go down to the 
workmen’s shelter to find information on a block, and the 
normally manually created spreadsheets are now 
automatically generated. The fact that heterogeneous 
information can be accessed via one user interface is also 
expected to reduce errors. Inconsistent information 
regularly causes elements to contain errors after repair, 
delaying the process and increasing failure costs. The 
vendor-neutral approach makes projects less reliant on 
specific software, especially in multi-stakeholder 
projects. Finally, using the tool enhanced the awareness 
of the available data and its value, and industry experts 
could easily come up with suggestions on innovative 
functionalities of the tool.  

6 https://github.com/AlexDonkers/Frontends-and-LBD 

Figure 4: The RII ontology embedded in a network of modular ontologies 

353

https://marijnjanssensteenberg.github.io/rii
https://github.com/MarijnJanssenSteenberg/Heritage-LBDviz
https://github.com/AlexDonkers/Frontends-and-LBD


Discussion 
This paper discusses an approach to integrating data 
related to renovation projects and making this data 
available to industry professionals. This paper is not the 
first paper to present data integration methods related to 
the topic of renovation projects. This project builds on 
these earlier projects and re-uses several existing 
ontologies. Furthermore, this paper presented an 
extension in the form of the RII ontology to define 
knowledge on interventions in restoration projects and 
specific properties that are commonly used in practice. 
The ontology follows best practices that suggest a 
modular approach and extends already existing 
ontologies. Although this ontology is tested in a natural 
stone renovation case study, its modularity should enable 
extensions toward other types of projects. 
Secondly, this project confirms the feasibility and 
usefulness of making different types of data available 
through the appropriate use of semantic web technologies 
(RDF graphs) and state-of-the-art web development 
practices (service-oriented architecture). Moreover, it can 
be experienced that this approach to data integration 
reduces the gap between developers and data on the one 
hand, and practitioners on the other hand. As suggested in 
Donkers et al. (2023), co-creating the Heritage LDBviz 
environment together with practitioners significantly 
reduces barriers to using these data fittingly in practice. 
Validating the tool together with industry experts 
triggered ideas for more complex functionalities. This 
shows future opportunities for using such integrated data 
in restoration projects, and it shows that co-creating such 
tools in iterative cycles together with industry experts can 
create more awareness and engagement toward data-
driven decision support systems.  
Further to the above contributions, two points for further 
development were identified. First, Heritage LBDviz 
mainly focuses on visualizing data to answer the 

competency questions of users. However, validating the 
quality of the data is essential to make sure that the 
information is reliable. Future research in quality control 
methods, such as using SHACL, is needed to improve the 
reliability of the tool. Second, it is believed that access to 
a complete dataset of past restorations can create many 
opportunities for subsequent cycles of conservation. This 
may be better in reach using the proposed way of working, 
as it has a high level of modularity and scalability. More 
research is needed to understand how such long-term data 
preservation can be organized.  
Conclusion 
Conserving built heritage is a complex process that 
involves a lot of information. This research identifies two 
important challenges: we lack methods to integrate this 
information, especially beyond the RDF formatting, and 
we lack tools to make this information accessible and 
useful to practitioners working on renovation projects. 
This paper applies semantic web technologies and novel 
web development techniques to solve these challenges in 
close collaboration with the industry experts. After a 
thorough review of existing processes in natural stone 
renovations, using both literature and discussion sessions 
with industry experts, seven competency questions were 
defined. These led to the development of a network of 
ontologies, extended with the newly developed RII 
ontology. The knowledge from the review of renovation 
processes was translated to a use case diagram, based on 
which a system architecture for a web app was created. 
This web-based BIM viewer - Heritage LBDviz - aims to 
help the industry experts in answering their competency 
questions. The tool was validated together with those 
industry experts in a case study at the Dam Square. This 
validation showed that Heritage LBDviz was able to 
answer the competency questions and that it had the 
positive side effect of creating more engagement and 
awareness of such data-driven support systems.  

Figure 5: The Dam Square in Heritage LBDviz 

354



The developed network of ontologies shows that it is 
possible to integrate heterogeneous data related to 
restoration projects. The web application shows that 
communicating this data via a simple user interface can 
help industry experts in their daily work and improve their 
understanding of the value of these data for future use 
cases. While the methods presented in this paper are 
specifically tested on natural stone renovation projects, 
we believe that the system architecture can be used in a 
much wider range of contexts, as long as there is a need 
to connect, structure, and communicate data.  
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Abstract 

Automatic construction of the building geometric digital 
twins (gDTs) is implemented based on the scanned data 
from the existing buildings. The highly detailed gDTs 
necessitates the top-down construction method informed 
by the predefined building knowledge. This paper reviews 
the building rules used for the model-driven building 
indoor environment gDTs construction. It is found that 
these knowledge is fragmented and lacks systematic 
analysis. The research categorise these rules into three 
groups and proposes an Ontology-based knowledge 
graphs (KGs) approach for organising this knowledge. 
This method aims to integrate rules for gDT construction 
to establish a knowledge system for the further research.   

Introduction 

The emergence of gDTs sheds light on both academic and 
practical perspectives in the digitalisation journey of the 
AECO industry (Dou et al., 2023). DTs are the virtual 
replicas of physical assets, processes, or systems that 
enable stakeholders to visualise, monitor, and analyse 
their projects with unprecedented precision. gDTs focus 
on the static information in the model, and these are 
meanly the geometric information (Pan et al., 2023). An 
accurate and semantically-rich gDT ensure a foundation 
decision-making system for the building condition real-
time monitoring, simulation and optimisation.  
The process of gDTs construction of existing buildings 
typically involves the steps of: 1) scanned data collection, 
2) scanned data processing, and 3) gDTs recreation. There
are numerous methods for surveying and data acquisition
(Volk et al., 2014). Subsequently, the collected data
should be detected, segmented, and classified efficiently.
The first two steps involve most of the technically
complex tasks to form the essential prerequisites for gDTs
construction. Numerous studies focus on the data
collection and processing workflow, while fewer research
work assesses the gDT recreation process. The gDTs
creation work is regarded to be the ‘last mile’ process and
a simple procedure to convert the information extracted
from collected data into a structured format. However, the
efficient gDT recreation requires the prior knowledge of
the buildings, which including the object shapes, the
identifications of objects and their relationships. The rule-
based construction method can help avoid the obvious
irrationality in the gDT construction process (P. Tang et
al., 2010). However, there is no research focuses on
reviewing and analysing the building rules that frequently
used in gDTs construction to the authors’ knowledge.
Building grammar is utilised to present the common 
building design logic and the structural topology of the 

building objects (Hu et al., 2019). During the gDTs 
construction process, building grammars are mentioned in 
the literatures emphasising the rules that are related 
architectural design principle. These can be summarised 
as multiple rules being employed as pre-established 
knowledge to minimise the dependence on the accuracy 
of the scanned data. This knowledge serves as the crucial 
supports to gDTs construction and inference. 
KG plays a crucial role in the knowledge management 
field. Ontology-based KG is a method of representing 
knowledge, which utilises ontological structures to 
categorise and interconnect the various entities and their 
relationships (Bassier et al., 2020). There are some 
existing ontology-based KGs that can present the building 
topology and its semantic information (Rasmussen et al., 
2020). However, there is still a gap in how to present the 
knowledge transferring from the scanned data to create 
the gDTs and to integrate the gDTs with the specific 
building domain knowledge. 
The research objective of this paper is to review the rules 
used in gDTs construction phase. In addition, the 
conceptual framework of an ontology-based KG is then 
introduced to not only present the model-driven gDTs 
construction rules but also allow the further domain 
knowledge integration. The proposed KG shall benefit the 
researchers with direct and intuitive access to the building 
knowledge as a top-down gDTs creation guidance. Based 
on the objective, the research questions are listed: a) what 
knowledge is frequently used as a guide of gDTs creation 
process, and b) how to organise them in an ontology-
based KG as the knowledge base. The proposed KG will 
be further enriched in the following research with the 
detailed description of the entities, properties and the 
reasoning and querying rules, which will facilitate the 
construction of the semantically-rich gDTs and the 
inference of hidden objects that are occluded during the 
data collection process. 

Methodology 

State of art review is an important knowledge capture 
method to design a domain KG (Wang et al., 2022). This 
paper conducts a systematic review and concludes the 
knowledge utilised for the rule-based indoor environment 
gDT construction (see Figure 1). Leveraging the 
keywords that precisely encapsulate the target papers, the 
searches for ‘digital twin generation’ and ‘scan to BIM’ is 
implemented within the databases like Web of Science 
and Google Scholar, covering the past decade (2014 – 
early 2024). After excluding studies outside the relevant 
fields, a total of 825 papers were initially identified. 
Through further selection stages, which involved 
assessing content completeness and scrutinizing abstracts, 
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only 18 papers that introduce the rules for model-driven 
gDTs construction of building indoor environment were 
chosen for further detailed analysis. 
This knowledge is categorised into three perspectives, 
which are shape rules, topological rules and semantic 
rules. Different categories of rules work on the various 
aspects of information. The shape rules typically work on 
the geometric attribute of the one category of building 
element, including the building components and space. 
The topological rules contribute to the establishment of 
the spatial relationships between the building elements. 
While the semantic rules refer to the guidelines or 
constraints based on the underlying model’s semantics. 
The semantic information can support to the realisation of 
various potential functions of gDTs, such as the hidden 
elements inference. Some of the rules are analysed and 
visualised through a case of the Civil Engineering 
Building in the University of Cambridge.  
Based on that, we developed the conceptual framework of 
an ontology-driven KG. These rules shall be transformed 
into the key components of the gDTs construction KG, 
which are class, properties, constraints, and reasoning 
rules. The KG acts as a reusable knowledge base, offering 

a structured representation of the current state of 
knowledge during the gDT construction process.  

Knowledge-driven rules of gDT construction 

Knowledge-driven gDTs construction approach 
emphasises the top-down concep from the required output 
information. The quality of the scanned data is not a 
primary factor influencing the output, but the rules 
adopted during the creation process. Architectural 
grammar can be considered as the fundamental principle 
of the building design. In 1994, the knowledge-based 
computational method for architecture design was 
explored. It represents a complex procedure grounded in 
primitive elements and design rules (Carrara et al., 1994). 
Currently, the knowledge-driven rules based on the 
building grammars can be used for the building asset 
remodelling (Nikoohemat et al., 2021), prediction of the 
building componence configurations (Chen & Liu, 2023), 
building compliance checking and interior space 
navigation (Nikoohemat et al., 2021). The Table 1 
concludes the key research about the knowledge-driven 
rule-based methods, and the corresponding target 
elements.

Table 1 Rules of building indoor environment gDTs construction 

Research Elements Model-driven reconstruction method 
(Khoshelham & Díaz-Vilariño, 
2014) interior walls shape-driven rules for indoor wall layout 

reconstruction 

(Becker et al., 2015) interior hallway, 
rooms, staircase 

three topology-driven rules for indoor layout and 
staircase reconstruction 

(Ning et al., 2015) 
Walls, windows, doors 
and roofs 

shape-driven and topology-driven rules for the 
object-oriented in the scenes 

(Abdollahi et al., 2023; 
Thomson & Boehm, 2015) 

Interior walls shape-driven rules for the geometric restrictions 
of interior walls 

(Hu et al., 2019) indoor room type 
inference 

sixteen indoor room topology-driven rules to infer 
the room type from room layout 

(Yang et al., 2019) 
interior walls, roof, 
ceilings, doors, 
windows, stairs 

semantic-driven representation for indoor 
environment reconstruction, especially the 
semantic representation of stair space 

Figure 1 Methodology diagram 
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(Bassier & Vergauwen, 2020; 
Tran et al., 2019; Tran & 
Khoshelham, 2020) 

interior walls topology-driven rules for interior walls 
construction 

(Nikoohemat et al., 2021) indoor environment eight topology-driven rules for building indoor 
component  

(Cai & Fan, 2021) interior rooms, doors six topology-driven rules of the doors’ position in 
the wall to infer spatial relationship of rooms 

(Tang et al., 2022) 
interior walls, roof, 
ceilings, doors, 
windows 

shape-driven rules of planes and semantic-

driven rules for 3D object-based indoor 
environment modelling 

(Park et al., 2022) 

indoor environment 
including main 
structural elements 
and furniture 

shape and topology-driven rules of the boundary 
boxes of the indoor environment objects including 
floor, wall, column, door, window, table, chair, 
sofa and bookcase 

(Chen & Liu, 2023) indoor room layout 
inference 

six semantic-driven rules to infer interior room 
layout from exterior building boundaries 

(Kellner et al., 2023) 
interior walls, 
windows and rooms 

shape-driven and topology-driven rules for the 

geometric features of the walls, windows and 

rooms; 

(Yang et al., 2023) interior walls and 
indoor rooms 

topology-driven rules of two walls, three walls 
and four walls  

(Drobnyi et al., 2024) 
interior components 
and space 

topology-driven rules (‘same-space’, and ‘same-
object’) for the indoor components and space  

Shape rule-driven construction 

The common building objects, such as the walls, floors, 
roofs, doors, windows, and space should be object-
oriented constructed in the gDT creation process. The 
shape rules can be applied in both building elements 
modelling and interior spaces modelling. 

Figure 2 Shape rule-driven for building components 

construction (Tang et al., 2022) (a) Decompose the data into 

planar primitives (b) semantic information enrichment to the 

planar primitives for further refinement. 

Shape rules for the building components 

Wall modelling is an important task in the indoor gDT 
construction, typically requiring fitting with parallel and 
smooth surfaces rather than tessellated-as modelling. 
Bassier & Vergauwen (2020) defined a set of positional 

relationships as the foundational rules for the multiple 
cuboid walls. These relationships can serve as the prior 
knowledge for wall object creation, including: 1) 
intersection, 2) orthogonality, 3) blending, and 4) direct 
connection. Thomas and Boehm (Thomson & Boehm, 
2015) proposed three geometric restrictions while the 
wall is generated, which are reject small wall, extend 
large wall and merge close planes with similar normal. 
Tang et al. (2022) utilised a grammar-enhanced method to 
decompose the entire scene into planar primitives using a 
two-level shape rule, based on the segmented point cloud 
clusters (refer to Figure 2). The first level of rules divides 
all planar primitives {Pi}i=1,....,n into three categories 

according to their orientation: vertical planes (Pver), 

horizontal planes (Phor), and other planes (Poth). The 
second level of rules further select the planar primitives 
that exhibit structural characteristics of the interior model 
and assign the semantic information to them. The 
characteristics are confirmed based on the geometric 
constrains and spatial orientation to identify doors (Pdoor), 
windows (Pwindow), ceilings (Pceiling) and walls (Pwall).  

The shape-based rules for identifying building 
components aim to discern the features of specific object 
categories. This approach is efficient as a reason of 
considering the ground truth shape of building elements. 
However, there is a lack of consistency in defining 
primitives and their geometric relationships across 
various building elements. Different researchers have 
adopted distinct methods for defining shape features. For 
instance, the positional relationships of interior walls are 

Pver

Pver

Pver

Phor

Phor

Pceiling

Pceiling

Pwall

Pwindow

Pwindow

Pdoor

Pdoor

Pdoor

Pdoor

{Pi}i=1,....,n

(a)

(b)
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defined differently in the study by Bassier and Vergauwen 
(2020) and Khoshelham and DíazVilariño (2014). 
Despite these differences, both studies essentially 
describe the same real-world relationship between interior 
walls. In such scenarios, ontology-based KG holds the 
significant potential to facilitate the fusion of these 
diverse definition methods via unifying terminology.  

Shape rules for the building internal space 

Shape rules can be effectively applied to generate 
parametric indoor spaces (Abdollahi et al., 2023; 
Khoshelham & Díaz-Vilariño, 2014; Tran et al., 2019). 
This approach involves positioning cuboids within a zone 
defined by enclosing points to identify the space. 
Subsequently, topology relationship rules are typically 
employed in the next stage of space modelling. 
The 4-tuple, G = {I,N,T,R} is used to define a space in 
shape rules (Tran et al., 2019). Among that, I, represents 
the initial shape, providing the foundational form from the 
beginning of modelling. It serves as the baseline and 
starting point for further transformations. N denotes non-
terminal shapes, which are intermediary forms during the 

modelling process. And T signifies terminal shapes, 
marking the end shape of space division. R refers to the 
production rules that indicate the transformation process. 
The relationships of these parameters can be presented as: 
R : A → B : cond.,A ∈ N,B ∈V,V = N ∪T. The rules (R) 
can be categorised to different types, such as the initial 
shape place rule (Rplace), the merging rule (Rmerge) for two 
non-terminal shapes and the split rule (Rsplit) for space 
decomposition (Khoshelham & Díaz-Vilariño, 2014; 
Tran & Khoshelham, 2020). For instance, the Rplace is 
presented through a transformation H, applied to the 
initial cuboid S, where Rplacecuboid : S → HS. 

Shape rules can also define the relationship between 
building component and space as G = {N,T,R,S}, which 
represent the non-terminal space, terminal space, 
grammar axiom and starting symbol, respectively 
(Nikoohemat et al., 2021). With the basic elements 
defined, the relationship between two or more 
components can be further explored using topology rules. 
These two 4-tuples represent typical shape rules used for 
space construction, established on the similar conceptual 
basis but expressed in varying ways. Knowledge fusion is 
essential to merge similar concepts across different 4-
tuples, aiming to realize a consistent workflow in the 
shape rule-driven space construction method.   

Topology rule-driven construction 

The logic applying topology rules for indoor 3D 
construction lies in establishing constraints on the 
interrelated topological connections of space and building 
structural elements. This method effectively addresses the 
challenges posed by incomplete and occluded elements in 
scanned point cloud data (PCD) (Ning et al., 2015; Tran 
et al., 2019; Yang et al., 2019).  
Topology rules for indoor components 

The building indoor environment comprises spaces and 
the building components, including structural elements, 
furniture and building service equipment. The allocation 
of walls is important for constructing the building indoor 
environment. The topological relationships between two 
walls (collinear, perpendicular and intersect), three walls 
(T shape and pseudo T-shape) and four walls (cross 

shape) are discussed (Yang et al., 2023). These 
relationships are important to overcome the occluded 
points at the corner in the collected PCD. Besides, the 
room boundary surface parameters can be adjusted based 
on the associated wall objects and the room object will be 

accurately rebuilt accordingly.  Nikoohemat et al. (2021) 
highlighted the 8 potential relationships between 3D 
objects in building indoor elements, which are disjoint, 

meet, equal, overlap, contain, cover, inside and 
coveredBy. Furthermore, within the ‘meet’ relationship, 
three sub- relationships are defined: support, supported 
and attachment.  
The topological relationships between windows and walls 
are discussed by Kellner et al. (2023). These relationships 
can be utilised to not only generate the wall elements with 
attached door and windows, but also represented in the 
constructed gDT model. In addition, the integration of 
shape and topological relationships among the indoor 
building elements optimise the PCD semantic 
segmentation results to help with the high accuracy gDT 
construction. Park et al. (2022) define relationships of the 
indoor building element based on the boundary boxes of 
the objects, the spatial vectors of the boxes, and their 
referenced objects and referenced vectors. Except for the 
definition about the relationships between the objects, the 
topological relationships between planer surfaces are also 
explored (Drobnyi et al., 2024). The relationships of 
‘same-space’ and ‘same-object’ are defined as a basis to 
form the topological relations between objects and spaces. 

Figure 3 Merging non-terminal connected spaces (Civil Engineering Building in UOC as a case presenting the merge rules from 

(Tran et al., 2019): (a) top view of the selected scanned data, (b) top view of the cuboid shapes classified as the interior spaces, and 

defined as N (Non-terminal space), (c) find the adjacent spaces that without the common wall, and (d) the result with the merged 

cuboid defined as T (Terminal space).   
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Different research defines the various aspects of 
topological relations between the building indoor 
environment elements, which are laser scanning points, 
planer, object with the same or different semantic 
classification. The objectives of most of the rules are 
creating the semantic label to the disordered point cloud 
to construct the gDTs with not only the geometric, but 
also the topologic information. All the building elements 
with the same architecture style share the similar sets of 
features. However, the rules are fragmented. The 
systematic fusion of the rules can boost the knowledge-
driven gDTs construction workflow.  

Topology rules for indoor space 

The indoor environment of a building not only consists of 
the building components but also the space. A room is 
defined as the terminal space enclosed by the walls, and it 
can be defined by the topological relationships of the 
spaces that compose them, and the building components, 
such as door or walls. These relationships are crucial for 
knowledge-driven gDT construction and inference. Tran 
et al. (2019) proposed a procedure for the room 
configuration rebuild including six rules: placement, 

classification, adjacency, connectivity, merge and 

containment rules. Three of the rules show the topological 
relationships of spaces including terminal and non-
terminal spaces, which are: adjacency, connectivity, and 

containment. These relationships can be presented as: 
R[t]: {A1,A2}→{A1[t],A2[t]}: cond, where, R[t] is one of 
the constraints rules; A1 and A2 are terminal shapes or 
non-terminal shapes; and cond is the condition that 
identifies the topology relationship between shapes. The 
application of merge rule to combine two non-terminal 
spaces is exemplified in Figure 3, using UOC civil 
engineering building as an example.  
The topological rules for the indoor space not only aid in 
room construction but can also facilitate the identification 
of further semantic enrichment (Cai & Fan, 2021; Tran et 
al., 2019). For instance, if two rooms are connected 
through an adjacency relationship, they share one 
common wall or a segment of it. Conversely, if a room 
partially shares a common wall with several rooms, it 
might indicate that this room is a corridor or hall space. 
Additionally, more semantic information can be inferred 
from the identification of room functions, such as the 
navigability of the space, and the existence of a door 
element. However, these relationships and the causation 
among these rules are not systematically organised. 
Integrating these into a KG could streamline the space 
construction and further support the reasoning of semantic 
information as proposed earlier.  
In multi-story scenarios, the stair space is analysed by 
Yang et al. (2019). It is characterised as the composite 
space that connects two storeys. The stair space, denoted 
as Sstair, comprises two components: the stair-occupied 
space Ssto and the stair connection space Sstconn. The 
definitions of Ssto (green space) and the Sstconn (blue space) 
are illustrated in the Figure 4. Furthermore, the stair space 
connects with the slab free space Ssf, and the stair 
connection space, intersects with the associated slabs Sslab. 

This relationship can be expressed as: Sstair = {Ssto, Sstconn}, 

Ssf = Sslab ∩ Sstconn.  
Becker et al. (2015) emphasised the significance of 
hallway as critical elements within the building indoor 
environment. They proposed a strategy for constructing 
L-system hallway using spatial split rules and
characteristics unique to hallway areas in buildings. Three
functional control approaches are identified based on the
topology relationships of segmented space, which are the
ActivationControl, LayoutSetting and the
ConsistencyConstraints.
The rooms, hallways or corridors and staircases are the 
typical indoor space. Tran et al. (2019) and Cai & Fan 
(2021) focused their research on individual rooms and 
corridors. Yang et al. (2019) examined the relationships 
of staircase spaces. However, current research lacks an 
integrated approach that encompasses the entire building 
interior space. The management of knowledge from these 
state- of-the-art studies could significantly enhance the 
capacity for indoor space construction in gDTs and 
provide robust evidence for subsequent semantic 
information retrieval. 

Figure 4 Definition of a stair connection space (Yang et al. 
2019) shown in the UOC case. 

Semantic rule-driven construction 

The parametric and semantic properties of indoor spaces 
and components are pivotal information sources in current 
gDT construction practices (Jarząbek-Rychard & Maas, 
2023; Liu et al., 2023). Semantic rules are commonly 
applied following the detection of building elements 
through shape rules, and the assessment of the topological 
relationships. For a comprehensive gDT, it is crucial to 
consider the unified and consistent characteristics of the 
entire indoor model, rather than focusing on isolated parts 
such as walls, doors or staircases (Yang et al., 2019). The 
importance of semantic rules is to generate the attributes 
for building elements beyond the parametric information 
that facilitate further utilisation. For example, the 
semantic rules are defined as classification and 
declassification to determine whether a room is an interior 
space or external space by Tran and Khoshelham (2020). 
This categorisation aids in supporting functions like 
indoor path planning. This research elaborates how 
semantic rules power the hidden element inference in the 
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gDT construction process. Furthermore, this section 
reviews the key literature on the semantic rules 
applications and summarises the main semantic rules. 

Hidden element inference 

The knowledge-driven construction methods help with 
the prediction of space types (Hu et al., 2019; Xie et al., 
2021). It provides a robust framework for building model 
construction, fostering a detailed and nuanced 
understanding of hidden objects and spaces within a 3D 
model. Chen and Liu (2023) underscored the importance 
of space syntax theory and design conventions, especially 
in the context of Singaporean dwelling units. This 
approach facilitates the inference of room types within a 
building.  
Currently, most of the methods for inferencing building 
indoor environments focus on space or room predication. 
However, with semantic rules, further predication can be 
conducted. Hidden element inference, for instance, can be 
realised if default semantic information is available as 
prior knowledge. For example, the paths of the building 
pipeline could be predicted as guided by semantic rules 
by knowing the locations of the MEP (mechanical, 
electrical and plumping) terminals, and the spatial 
relationships between the equipment rooms and these 
terminals. However, there is less research contributing to 
this workflow. 

Knowledge graph for gDT construction 

A KG is a network of interconnected entities such as 
objects, events, concepts, represented in a graph format. 
In this graph, nodes typically symbolise entities or 
concepts, while edges represent the relationships between 
them (Bassier & Vergauwen, 2020). KGs utilize 
ontologies to define their structure, with Resource 
Description Framework (RDF) serving as a standard for 
describing the relationships (edges) within the graph.  
The KGs can be utilised in building the knowledge of 
object identification and 3D model construction, and 
contributing to the knowledge fusion to the specific 
domains after the gDTs are constructed. Park and Cho 
(2022) develope the Entity-relationship diagram (ERD) to 
bridge the connections among point cloud, point, object, 
material, location. This semantic information is stored and 
converted in the point dimension to guide the information 
modelling of the building. The rules used to generate the 
gDTs can also be modelled in the KG, they can be 
regarded as the prior knowledge to facilitate the gDTs 
construction process. Hmida et al. (2013) propose the 
knowledge-based PCD detection and annotation strategy 
with an OWL ontology language, the Semantic Web Rule 
Language (SWRL) and the 3D processing built-ins. They 
divide the scene into various domain concepts depends on 
their characteristics and geometric relationships. This 
solution was tested in the railway objects. The knowledge 
from Geographic Information System (GIS) system is 
also integrated in the OWL structure for the further 
information enrichment to the 3D model. In addition, the 
approach of ‘scan-to-graph’ (STG) is proposed by 
Werbrouck et al. (2020). The STG method aims to 

integrate the Scan-to-BIM results with the sources of real-
world asset via the semantic web technologies to 
overcome the uncertainties (occlusions, internal structure, 
etc.) of the collected data.   

Figure 5 Conceptual framework of gDT construction KG 

Figure 6 Key components of gDTs construction KG 

Currently, there are less literatures focus on the KG 
development on both: 1) gDTs construction process and 
2) the knowledge fusion for the further gDT applications,
especially for the indoor building objects. Moreover, there
are only limited rules are stored in the current KGs. In this
paper, we developed the initial conceptual diagram of the
knowledge graph to meet the two requirements with the
considerations of shape, topological, and semantic rules.
The structure of the ontology-based gDT knowledge
graph is shown in Figure 5.
The first part of the framework focuses on transforming 
building PCD to object PCDs, and then the PCDs are 
converted to be the gDTs. The shape, topological, and 
semantic rules can be derived from the characteristics 
from the objects, and the relationships between the 
objects. Additionally, this step involves inferring parts of 
the building that might be occluded or hidden in the scan 
data based on the prior knowledge. The second part aims 
to establish the knowledge base (including the object 
characteristics and relationships) for the rules generations 
to facilitate the process of part one. This mainly involves 
the rules that discussed in the review parts of this paper. 
The establishment of the knowledge base of the rules can 
also be integrated with the existing ontologies that are 
commonly used, such as the Building Topology Ontology 
(BOT) (Rasmussen et al., 2020). In the third part, domain 
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knowledge is utilised to enrich the gDTs for further 
development. This includes integrating the gDTs with 
other databases, such as energy consumption or 
environmental data, and refining the model for specific 
applications like simulation or analysis. The continuous 
improvement and updating of the gDTs are crucial to 
ensure they remain an accurate and useful representation 
of the physical structure. 
Figure 6 presents the key components of the KG and the 
knowledge modelling mapping relationships from the 
building knowledge to the ontology-based KG. To enrich 
the ontology-based KG, building elements shall be 
converted to the classes, and the shape-driven and 
topology-driven rules will be presented as the classes, 
properties, constrains or the reasoning rules for the classes 
and properties of the KG.  The semantic rules shall be 
expressed with the rules for the gDTs processing, 
semantic information enrichment and occluded gDTs 
inference. The objective of the proposed KG framework 
is to offer a comprehensive approach to enhance the gDTs 
construction workflow by incorporating the shape, 
topological, and semantic rules, ultimately paving the way 
for more sophisticated and accurate model-driven gDTs 
construction of building indoor environment.  

Discussion 

Understanding the indoor architectural rule and modelling 
it in a structured framework can support the recreation the 
building elements and the prediction of unreachable 
places in buildings. However, there are still some 
challenges in the current rule-based gDTs construction 
approaches. For example. the construction of the 
nonplanar surfaces and the non-Manhattan buildings are 
one of the big challenges (Tang et al., 2022; Tran et al., 
2019). Moreover, the important connection building 
elements like doors and stairs are often manually added. 
Besides, some rules may only be applicable for specific 
types of buildings, such as churches or small-scale 
residential houses. The knowledge driven rule-based 
gDTs construction methods are important and should be 
further developed to compensate for the imperfections in 
the data collected from the physical world. 

Conclusions 

This paper has reviewed and analysed the rules in 
knowledge driven rule-based gDTs construction 
workflows from the perspectives of shape, topological, 
and semantic rules. It also proposes an initial conceptual 
KG framework for the structured representation of these 
rules and their interrelationships. Further development on 
the KG will encompass a broader range of building 
objects. Additionally, the continuous development of 
information reasoning and querying rules will also be 
conducted to facilitate the inference of hidden building 
objects and the enrichment of semantic gDTs.  
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Abstract
Developing digital twins of buildings can enhance the de-
sign process and streamline operational management. This
study presents an automated framework designed to estab-
lish HVAC topologies of buildings using IFC-BIM data in-
puts. It achieves this by detecting geometric relationships
among HVAC elements and generating a knowledge graph
that captures their interconnections. A case study involv-
ing a recently constructed building in the UK was con-
ducted to validate this framework. The resulting HVAC
topology was compared against design drawings to iden-
tify any disparities, demonstrating the workflow’s efficacy.
This framework shows promising potential and generaliza-
tion ability for application in various types of buildings.

Keywords
Building digital twins, Geometric relation check, Knowl-
edge graph, HVAC topology

Introduction
A building digital twin is an advanced concept that can be
used to improve building design, facilitate a building’s op-
erational management, and bridge the gap between build-
ing information and building simulation models. A seam-
less framework to establish Heating, Ventilation, and Air
Conditioning (HVAC) topology automatically from BIM
data exploits the latter potential and supports the automa-
tion of the generation of Building Energy Models, espe-
cially for the active components in building performance
simulation. This HVAC topology generation involves mul-
tiple tasks such as the crafting of appropriate building-
centric ontologies, the extraction of semantic relation-
ships among HVAC elements, and finally the generation
of semantic graphs conforming to the ontological schemes,
capturing the HVAC topology.
Towards this direction, researchers established several
building-oriented ontologies to enhance the building man-
agement system, e.g., BrickSchema developed by Brick
Consortium (2019), to describe fluid flows through MEP
distribution elements, e.g., Flow Systems Ontology (FSO)
developed by Kukkonen et al. (2022), and to model con-
nections between spaces and elements, e.g., Building
Topology Ontology (BOT) Rasmussen et al. (2021). Sei-
denschnur et al. (2022) proposed a common data envi-
ronment to represent a BIM-based model with the vir-
tual commissioning, to establish a common data environ-
ment for HVAC design. They conducted two case stud-
ies to achieve the co-simulations between Modelica and
EnergyPlus. Mavrokapnidis et al. (2023) used the Geo-
metric Relation Checker (GRC) tool to identify pairs of

IFC geometric instances and to generate an HVAC topol-
ogy in knowledge graph form. They also briefly compared
the applicability of BrickSchema, BOT, and FSO on data
from the building domain. Many researchers tried to in-
troduce ontologies as the bridge between building infor-
mation and building energy modelling to achieve building
simulation automatically. Wu et al. (2022) proposed an
ontology-based framework for building performance sim-
ulation by integrating various data sources including build-
ing information modelling, building management systems,
and weather stations. Their results showed a considerable
reduction in modelling time but appropriate assumptions
could not be avoided.
Different data sources of building information can be intro-
duced into the HVAC-related Building Information Mod-
elling to Building Energy Models (BIM2BEM) transfor-
mation. Not limited to IFC-based BIM models, CityGML
can also serve as a data source and be integrated into the
BIM2BEM workflow. Deng et al. (2023) developed a tool
for district-scale urban building energymodelling in which
the geometric information of buildings was extracted from
CityGML data. To facilitate the BIM2BEM generation
process, González et al. (2021) integrated BIM and BEM
methodologies to conduct an energy performance analysis
of a residential building. Their work mainly depended on
the Revit platform considering many variables including
lighting efficiency, plug-load efficiency, and HVAC sys-
tems. In their study, an architectural BIM model provided
the majority of necessary data, enabling non-geometric in-
formation to be derived from experimental design. Ra-
maji et al. (2020) devised an extension for OpenStudio
that converts IFC-based BIM models into building sim-
ulation models. Validation of their algorithm was con-
ducted through a case study involving a three-story office
building in the US, revealing several advantages and lim-
itations. Their findings highlighted certain drawbacks of
the current semi-automated BIM2BEM process, particu-
larly when dealing with large and intricate structures.
As the number of BIM2BEM-related studies grew, re-
searchers started to summarize the related developments
investigating potential topics that require to be addressed
in the future, e.g., Kamel andMemari (2019) and Farzaneh
et al. (2019). They concluded that there was still work to be
done, to reach a seamless workflow from BIM to BEM. In
this context, two specific tasks were proposed to facilitate
the development of an automatic BIM2BEM framework.
The first task focuses on integrating models, while the sec-
ond task revolves around creating a process map to seam-
lessly connect work and data flows. Researchers primarily
concentrated on bridging the gap between BIM and BEM
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architectural data focused on the generation of the second-
level space boundary topology Ying and Lee (2021), Rose
and Bazjanac (2015), Lilis et al. (2017), rather than ad-
dressing data translation issues specific to MEP data, like
those appearing in the HVAC data domain. A potential
explanation for this decision might stem from the difficul-
ties encountered when attempting to automatically gener-
ate an HVAC topology directly from BIM data—a crucial
step in translating HVAC information within a BIM2BEM
process. Achieving this automated HVAC topology gen-
eration requires employing multiple ontologies describ-
ing mechanical equipment (e.g., BrickSchema Brick Con-
sortium (2019)) and material flows (e.g., FSO ontology
Kukkonen et al. (2022)), within MEP networks. Addi-
tionally, various issues and errors in BIM models lead to
challenges in achieving an accurate HVAC topology, often
requiring labour-intensive manual corrections.
To tackle these challenges, this work develops a frame-
work that automatically generates the HVAC topology of
a building that can be used to mirror real-world condi-
tions. To demonstrate its efficacy and feasibility, we ap-
ply this framework to a recently built structure with com-
plex HVAC systems. Concurrently, the proposed frame-
work seeks to enhance any automated BIM2BEM conver-
sion process by providing a fast and efficient translation
method for possible MEP data that could be part of this
process.
To introduce this approach the structure of the paper is as
follows: The methodology section outlines the framework
and its pertinent stages. The case study section provides
an in-depth overview of the chosen building and its HVAC
setup. Following this, the results and discussions section
delves into the generated HVAC topology, highlighting the
strengths and limitations. Finally, the conclusion section
summarizes the findings and proposes avenues for future
research.

Methodology
The proposed HVAC topology generation process involves
three major steps as illustrated in the block diagram of Fig-
ure 1. These steps are: (1) Extraction of information from
BIM (IFC) files related to architectural (ARC) and me-
chanical, electrical, and plumbing (MEP) data, (2) Check-
ing of the extracted BIM content to detect geometric (2a)
and semantic (2b) relations among HVAC elements and
space volumes, and (3) Establishment of the HVAC topol-
ogy via knowledge graph generation and path-finding.

• In step 1 (Extraction), the IFC geometry exporter is
used to extract the geometric representations (para-
metric and non-parametric) of the building space
and MEP elements from the ARC-IFC and MEP-
IFC files. These representations are then used to
form XML files that are used as input to a geomet-
ric relation-checking (GRC) tool. These XML files
contain the detailed geometric representations of each
entity to be checked, together with their IFC global

unique ID. Additionally, in this step, the IfcOpenShell
is used for parsing the MEP IFC file to extract the se-
mantic connectivity data.

• In step 2 (Checking), connectivity and containment
entity pairs are extracted via geometric (step 2a) and
semantic (step 2b) relation checks. In case semantic
relations are absent from the BIM data, the GRC tool
is applied to identify geometric relations among the
solid representations of the MEP elements (contain-
ment, clash, and adjacency) and infer the missing se-
mantics. Finally, the Oriented Bounding Box (OBB)
method is introduced to address the HVAC elements
that can not be handled by the GRC tool. Hence, a
hierarchy of checks (BIM context - GRC - OBB) is
formed to extract all connectivity and containment re-
lations among the involved elements.

• In Step 3 (Establishment), an ontology-based knowl-
edge graph is created to represent the HVAC elements
and their connectivity, leveraging the outcomes of
Step 2. Subsequently, a path-finding method is im-
plemented to establish logical links from terminals to
systems and from pumps to units, thereby simplifying
the knowledge graph of the HVAC topology.

Figure 1: Introduced three-step framework

365



Information extraction from BIM - Step 1
The proposed workflow used two types of BIM models,
i.e., ARC-IFC andMEP-IFC files. From the ARC-IFC file,
only the class of IfcSpace was extracted and transferred to
a set of entities in the knowledge graph that are detailed
in the following sections. To extract the MEP information
related to the duct network, data frommultiple IFC classes
were gathered, including (1) the classes of IfcAirTerminal,
IfcDuctSegment, IfcDuctFitting, IfcAirToAirHeatRecov-
ery, IfcBuildingElementProxy that are used to construct
the air loop network of the HVAC system, and (2) the
classes of IfcPump, IfcValve, IfcPipeFitting, IfcPipeSeg-
ment, and IfcFlowMeter that are used to construct the wa-
ter loop network of the HVAC system. Instances of the
previous classes that are contained in the IFC files were
mapped, in a one-to-one manner, to entities in the knowl-
edge graph.
Furthermore, the IFC Geometry Exporter Katsigarakis
et al. (2021), was used to extract geometric descriptions
of the elements from input IFC files, which is the prereq-
uisite to implement the geometric relationship check that
is conducted using low-level C++ geometric routines. The
exporter extracted serialized geometric descriptions from
the two types of IFC files, transformed them into a hierar-
chical tree-structured format, and created two XML files
containing these transformed descriptions. The generated
XML files were then used as input to the Geometric Re-
lation Checker (GRC) tool, to identify the geometric rela-
tionship among the building’s MEP and space elements.

Geometric relation checking - Step 2a
Three types of geometric relationships are defined: con-
tainment, clash, and adjacency to deduce semantic con-
nections among the elements within the ARC and MEP
IFC files. Detailed explanations of these relationships are
provided in subsequent subsections.

Containment
A containment relationship between two solids exists
when the surfaces enclosing one solid are entirely within
the 3D boundaries of the other. Consequently, this rela-
tionship serves as a means to identify semantic links be-
tween spaces and terminals. It enables the detection of the
specific space to which an HVAC terminal belongs. This
association is particularly relevant, as numerous air termi-
nal units, such as diffusers and grilles, are typically en-
tirely enclosed within the volume of the building space, as
depicted in Figure 2 a).

Clash
A clash relationship between two solids exists when sur-
faces or parts of the surfaces of the boundary representa-
tion of one solid are entirely within the 3D boundaries of
the other. Figure 2 b) illustrates the clash relationship be-
tween two elements. This is the most common geometric
relationship among many pairs of elements within the air
loops, including spaces vs. terminals, terminals vs. ducts,

Figure 2: Conceptual and graphical illustration of a
containment relationship.

ducts vs. ducts, and ducts vs. systems. Similarly, within
the water loops, it also extends to relationships between
terminals vs. pipes, pipes vs. pipes, pipes vs. pipe fittings,
and pipes vs. pumps. Clashes can be used to infer con-
nectivity between elements as well as containment when a
portion of one element is inside another.

Adjacency
Two solids share an adjacency relationship when the sur-
faces of one solid’s boundary representation lie in the same
plane and intersect with the surfaces of the other solid’s
boundary representation. Figure 2 c) illustrates the adja-
cency between two elements that frequently appear in pairs
of ducts and ducts and systems, especially in rectangle-
shaped ducts. Unlike the previous geometric relationships,
a threshold value (0.01 m in this case) is used to check ad-
jacency. This value sets the allowable distance between
the planes of the intersecting surfaces that define the ad-
jacency. If the distance between these planes exceeds this
value, intersection and adjacency are not detected.

GRC tool
To detect the presence of the previous geometric relations
among the solid representations of the BIM elements, a ge-
ometric relationship-checking tool, named Geometric Re-
lation Checker (GRC), is introduced. The performance
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of this tool is validated on BIM elements from the ar-
chitecture and construction domains. GRC is a domain-
agnostic application that can be used to identify prede-
fined geometric relationships in any IFC element pair. To
achieve the necessary execution speed, the GRC tool is im-
plemented in C++ and uses binary space partitioning to
carry out fast Constructive Solid Geometry (CSG) set op-
erations on polyhedra, required for clash detection, using
multithreaded executions. GRC can not only identify re-
lationships including containment, clash, and adjacency,
but also the surfaces at which the related elements inter-
sect or touch each other. Moreover, a threshold of the gap
between each element can be set to define the adjacency
and to address potential element mismatching issues.

Oriented bounding box
If surface errors are present in the solid representations of
the compared BIM elements, certain Geometric Relation-
checking processes like clash and containment detection
cannot be performed. Surface errors refer to surface in-
versions and missing surfaces that form wholes in the
boundary representations. To address such scenarios,
the study introduced the oriented bounding box (OBB)
method to carry out the relevant geometric relationship
checks. The GRC tool identifies these cases and auto-
matically routes the problematic elements to the OBB-
based clash-checking process. Furthermore, inflation is
used during the OBB-based clash-checking process to ex-
pand the bounding box in the direction of each face, with
the inflation threshold aligned with the gap threshold used
by the GRC tool. This method ensures that the OBB-based
clash-checking process complements the GRCmethod, fa-
cilitating comprehensive geometric relationship checks for
all elements within the IFC file.

Entity linking via semantic checking - Step 2b
Although numerous IfcRelationship entities exist within
the BIM context to depict relationships among MEP en-
tities, they often fail to encompass all entities within air
loops and water loops. The previously described geomet-
ric relationship check processes were introduced to ad-
dress this gap, enabling the deduction ofmissing semantics
between pairs ofMEP elements. Thus, the proposed GRC-
OBB-BIM workflow streamlines the extraction of existing
and potential containment/connectivity pairs, enhancing
the linkage between HVAC elements and helping to final-
ize the generated HVAC topology.

HVAC topology establishment - Step 3
The HVAC topology establishment process was divided
into knowledge graph generation, pathfinding, and error
detection, as analyzed in the following subsections. Firstly,
knowledge was transferred directly on the basis of the de-
tected geometric relationships to the knowledge graph. At
the same time, the path-finding algorithm was used to en-
rich the semantic linking between the critical HVAC com-
ponents (e.g., terminal2VAVbox, VAVbox2system, sys-
tem2pump). The knowledge graph generation was based

on the integration of two open-source ontologies, named
BrickSchema Brick Consortium (2019) and FSO Kukko-
nen et al. (2022), as described next.

Knowledge graph generation

BrickSchema, developed by Brick Consortium, standard-
izes semantic descriptions of the buildings’ assets/devices
and their inner relationships, which was introduced into
this work to represent the HVAC components with a series
of Brick entities (brick:Room, brick:Terminal_Unit,
brick:AHU, Brick:DOAS, brick:Chiller, brick:HX,
brick:Pump, and so on). As a supplement, the Flow
Systems Ontology (FSO), which focuses on intercon-
nected systems and their energy flows, was incorporated
to model both pipework and ductwork segments by us-
ing FSO entities (fso:Segment and fso:Fitting). Fur-
thermore, within the scope of geometric relationships
among HVAC elements, brick:isAssociatedWith is
used to denote connectivity relationships, that is, con-
nectivity pairs resulting from clashes and adjacencies be-
cause these detected geometric relationships were down-
stream/upstream direction agnostic. Regarding the con-
tainment pairs, brick:isLocationOf was introduced to
indicate the containment relationships with specific direc-
tions (e.g. space - isLocationOf - system).

Path-finding

In this study, a path-finding algorithm was utilized to dis-
cover routes between distinct entities within the knowl-
edge graph by analyzing multi-hop connections. These
routes were established among terminal units (such as air
terminals), source systems (such as AHUs), and potential
nodes (like VAVboxes) that might exist between the source
and terminal units within air loops. Similarly, connections
were formed between AHUs/FCUs, pumps, and heat ex-
changers or chillers within the water loops. These routes
collectively formed the final HVAC topology. In this topol-
ogy, the brick:isFedBy relation was used to replace the
brick:isAssociatedWith relation between the critical
HVAC components connected via path-finding. The flow
direction along these connection links was determined by
the ID of the connected elements, wherein each element’s
ID contains a specific string indicating whether it pertains
to an air supply or an air return unit. Figure 3 illustrates
how path-finding contributes to the generation of anHVAC
topology instance.
In terms of algorithmic methodology, the Depth-First
Search (DFS) path-finding algorithm was introduced to
convert the generated knowledge graph into the final
HVAC topology. DFS prioritizes depth, exploring as
deeply as possible along each branch of the graph before
backtracking. Additionally, DFS offers the flexibility to
omit particular nodes from the search process. For exam-
ple, when seeking a route from Terminal 1 to AHU 1, other
AHUs can and should be excluded. It is essential to prevent
path-finding processes from entangling within water loops
and air loops. Two simple approaches to accomplish this
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are splitting the knowledge graph into distinct subgraphs
or assigning a specific attribute to knowledge graph links
to distinguish connection relationships.

Figure 3: Illustration of the path-finding process to transform
the knowledge graph into the HVAC topology.

BIM error handling
Although the preceding workflow’s processes are executed
automatically, errors within the BIM data can result in ei-
ther zero or multiple paths detected, from the supply to ter-
minal units. Alternatively, it might be found that one air
terminal unit is linked to multiple AHUs or FCUs. These
errors manifest in four distinct types, as illustrated in Fig-
ure 4, which include:

(a) An abnormal clash is an incorrect intersection among
MEP elements that is due to design errors.

(b) A missing element is the absence of an MEP element
in a sequence of connected elements.

(c) A geometric mismatch is a misalignment of MEP el-
ements that leads to connection absence.

(d) A space containment issue occurs when a building
space volume does not contain or does not intersect,
at least, with a solid geometric representation of a ter-
minal unit.

Figure 4: BIM error-type illustration examples
Error types (a), (b), and (c) impact the established routes
from the supply to the terminal units within the HVAC

domain, while error type (d) influences the containment
connection between terminal units and their correspond-
ing building spaces. Visual inspection is applied on the
detected paths from supply to terminal units, and on the
building space volume geometries, to pinpoint these er-
rors. Subsequently, manual corrections are implemented
on the produced knowledge graph to rectify the affected
graph nodes and edges.

Case study
The introduced process was applied to BIM data from a
new building, named One Pool Street (OPS) located at
the UCL East Campus. OPS is a multi-function build-
ing that uses a state-of-the-art energy supply and manage-
ment system. This work concentrated on the automatic
generation of the HVAC topology of the podium part of
the OPS building. The HVAC topology of this building
part is ideal for demonstration purposes, as its energy sup-
ply system is complex and includes a set of diverse ven-
tilation units. For cooling purposes, several Air Handling
Units (AHUs) are installed with chilled water and hot wa-
ter units that supply thermostatic air via hundreds of air
terminals during the summer and winter periods. Addi-
tionally, Fan Coils (FCUs) are also used in some rooms to
meet their cooling and heating requirements. Door heaters
(DHs) and air curtains (ACs) are also installed for heating
purposes only. Besides, Mechanical Ventilation Heat Re-
covery (MVHR) systems are installed to recycle the waste
heat and improve energy performances in several building
spaces. Consequently, the manual generation of the HVAC
topology for these complex systems is a time-consuming
and error-prone process. Hence, the OPS podium was se-
lected as a case study to illustrate the effectiveness of the
proposed workflow.
Figure 5 illustrates the 3D representations of the contents
found in the ARC-IFC and MEP-IFC files, which encom-
pass both air loops and water loops of the OPS podium.
In terms of data quality, the Level of Development (LOD)
for the IFC4 file varies between LOD 300-400 (following
US standards) and LOD 4-5 (according to UK standards).
This file comprises over 22,000 MEP elements, posing a
significant challenge due to memory limitations on stan-
dard computers when handling MEP-IFC files. To address
this challenge, it was imperative to divide theMEP-IFCfile
of the OPS building into two smaller IFC files, specifically
focusing on air loops and water loops.

Results and discussions
In this section, the performance of the proposed workflow
and its limitations are also discussed.

Established HVAC topology
The proposed workflow was conducted on a laptop com-
puter, and the geometric relationship checking process
consumed the most computing resources of the workflow.
The geometric relationship checking between air termi-
nals and spaces took several minutes and involved approxi-
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Figure 5: Visual representation of the content of ARC-IFC and
MEP-IFC files.

mately 84,000 element pairs. The checking process among
the HVAC elements took a few hours and involved ap-
proximately 38,000,000 pairs within air-loop elements and
101,000,000 pairs within water-loop elements. In addi-
tion, the path-finding process to link terminals, systems,
and pumps, took dozens of minutes.
Figure 6 displays a part of the generated HVAC topology
referring to Room 101. In this figure, the return air ter-
minals are hidden because they are not as significant as
the supply air terminals from the energy simulation per-
spective. Within the air loops, the air terminals (displace-
ment diffusers) were identified successfully, and the VAV
boxes within the duct network were also detected, defining
the paths from the system (AHU) to air terminals (DSDs).
Since the air terminals had IDs with the special string
(DSD: displacement supply diffuser), the directional rela-
tions brick:Feeds/brick:isFeedBy were determined,
linking the air terminals with the system. In the context
of water loops, Figure 6 highlights the connection of four
chilled water pumps and two hot water pumps with this
AHU. However, the uncertain status of the valves, partic-
ularly the bypass valves, presents a challenge. This un-
certainty makes it impossible to ascertain which pumps
are on standby and which are operational, or to determine
their positioning relative to the AHU, whether upstream
or downstream. Hence, in the HVAC topology, the direc-
tional relations brick:Feeds/brick:isFeedBy were de-
termined to illustrate the links between pumps and AHUs.
Similarly, this approach was also applicable to establish-
ing links from heat exchangers to pumps. The entity in-
ventory of the original IFC files and the HVAC topology
are both depicted in the right portion of Figure 6. The
podium section of the OPS building comprises approxi-
mately 8,800 air-loop MEP entities and over 13,900 water-
loop MEP entities, which are integrated into the proposed
workflow. Approximately 7,000 of the air-loop entities are
modelled using boundary representations and require ad-

Figure 6: The generated HVAC topology for Room 101 (the
exhausted air terminals are hidden) and the inventory of IFC

entities and relevant entities.

ditional checks by the GRC tool for potential surface er-
rors. However, this stepwill become unnecessary in the fu-
ture if boundary representations are substituted with para-
metric ones.

MEP element - Space containment issues
Accuracy is one of the critical indicators for validating the
performance of this HVAC topology-generation workflow.
In this case, the HVAC design drawings of the OPS build-
ing were also obtained and acted as a reference point for
validation. Figure 7 shows the statistical results of the se-
mantic linking between the air terminals and the podium
spaces. More than 70% of the air terminals were linked
to their correct spaces. However, about 18% of them were
not linked to any spaces because there are design errors in
the geometry of the spaces in the IFC file, e.g. some spaces
are not extended high enough to reach the ceiling surfaces.
Additionally, elements with surface errors caused delays
when conducting the GRC executions since pairwise ele-
ment clash checking requires at least one of the elements
in a pair, to be surface error-free. Meanwhile, nearly 8.5%
of the air terminals intersected with more than one space,
requiring manual work to decide the correct space. The
reasons for these misalignments are mainly surface errors
(requiring the OBB check) and design errors (human er-
rors), both of which are related to the data quality of the
geometric representations of the elements. The suggested
workflow can efficiently identify the geometric contain-
ment relationships between air terminals and spaces, as
long as the input IFC file reaches LOD-4 level or beyond.

MEP element connectivity issues
Another critical aspect of an HVAC topology pertains to
the connection between air terminals and systems. Fig-
ure 8 illustrates the efficacy of the proposed workflow in
identifying paths from air terminals to systems within the
air loops. Initially, only half of the air terminals were ac-
curately linked to the correct AHU, MVHR, and FCU, as
depicted in Figure 8 (a), before addressing the errors. This
discrepancy arose due to the dense arrangement of ducts,
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Figure 7: The distribution of air terminals and the number of
their linking spaces.

often closely positioned near the systems. The GRC tool’s
capability to manage such placements is hindered by sur-
face errors affecting these elements. Consequently, in situ-
ations where both elements of a pair exhibit surface errors,
rendering clash detection impractical, the OBB method
serves as an alternative, albeit less precise than the GRC
tool. Furthermore, around 12% of air terminals faced chal-
lenges in establishing connection paths with systems. This
hurdle arose from certain terminals being designed inde-
pendently from other air-loop elements, such as diffusers
situated beneath seats in auditoriums. Additionally, some
instances involved design errors, evident in Figure 4 b) and
c), where gaps exist between these elements and adjacent
ducts. Adjusting the GRC threshold for adjacency check-
ing proved effective in addressing this issue, although it
carries the risk of detecting connections that do not actu-
ally exist.
Moreover, the initial results revealed that approximately
40% of air terminals remained connected to more than
one system due to BIM design errors as previously de-
fined. Most of these instances stemmed from the alter-
native OBB method, which erroneously identified non-
existent intersections between bend ducts positioned in
parallel and very close proximity to each other. After
manual efforts to correct the detected errors in the gen-
erated knowledge graph, the path-finding process was re-
executed on the updated knowledge graph. The statistical
results of this process can be found in Figure 8 (b). No-
tably, 95% of the air terminals were accurately linked to
the systems (AHU/MVHR/FCU), while only 2% still re-
quired verification against schematic drawings. It is advis-
able to verify the remaining 2.8% (isolated air terminals)
against schematic drawings to ensure the completeness of
the HVAC topology.
Furthermore, Figure 9 illustrates the results (after er-
ror correction) of the water-loop units in the established
HVAC topology. In the OPS building, there are a total of
80 water-loop units, including AHU, MVHR, FCU, DH,
and AC, within the water loops, supplied by Hot Water
Pumps (HWPs) or Chilled Water Pumps (CWPs). Using
the path-finding method, it is possible to determine con-
nections between each unit and HWPs, CWPs, or both.
As depicted in Figure 9, among the 9 AHUs, 6 are linked

Figure 8: The distribution of air terminals and the number of
their linking systems.

Figure 9: The distribution of units and their HWP/CWP
connections.

to both HWPs and CWPs, while the remaining 3 are solely
connected to HWPs. None of the 9 MVHRs are connected
to either HWPs or CWPs. Of the 54 FCUs, 39 are con-
nected to both HWPs and CWPs, with the remaining 15
solely linked to CWPs. All DHs andACs are connected ex-
clusively to HWPs. Additionally, this path-finding method
could be extended to examine the 93 Radiators (RADs)
in the OPS building for their connections to HWPs, al-
though this is not detailed here due to length constraints.
Finally, all mentioned results have been validated against
the schematic drawings.

Limitations and implications

The effectiveness of the framework was assessed through
a case study involving a complex HVAC system, revealing
various challenges related to the accuracy and complete-
ness of the HVAC topology when dealing with imperfect
MEP-BIM data. Initial inaccuracies were attributed to hu-
man errors in BIM design and surface errors in the solid
geometric representations of certain MEP-BIM elements,
which hindered the effectiveness of the GRC tool. Addi-
tionally, a complication arose from adjacent duct entities
in the BIM model that were not physically connected, a
discrepancy not detectable through geometric relationship
checking alone. While this study successfully identifies
and locates these errors, manual correction remains nec-
essary and time-consuming.
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Conclusions
To automate the creation of an HVAC topology, this study
introduced a framework utilizing ARC-IFC and MEP-IFC
files as BIM input data sources. Initially, semantic checks
were conducted using relevant IFC relationship classes to
extract connectivity pairs. A hierarchical checking work-
flow was then employed to infer missing semantic rela-
tions. In the workflow’s initial stages, the Geometric Rela-
tion Checking (GRC) tool facilitated pairwise adjacency,
clash, and containment relation checks among MEP and
space BIM entities. If surface errors were reported in the
geometric representations of BIM elements by the GRC
tool, the clash and containment detection were carried out
using the OBB process. Ultimately, this process yielded a
set of connectivity and containment pairs. Subsequently,
a knowledge graph-based HVAC topology, encompass-
ing air loops and water loops, was generated by apply-
ing the DFS path-finding algorithm to the obtained con-
nectivity and containment pairs. A case study involving
a newly constructed building was conducted to test the
framework’s performance, demonstrating its feasibility in
various and intricate modern HVAC systems.
In the future, significant improvement can be achieved by
incorporating amodule that converts the IFC geometries to
watertight solid boundary representations. This can speed
up the process substantially by reducing the need for sur-
face error checking. Meanwhile, beyond the current build-
ing case, the plan is to implement the framework in other
scenarios to enhance its generalization capabilities. Be-
sides, further investigation will be undertaken to deter-
mine how the generated HVAC topology can be leveraged
to enhance BEM models that contain information related
solely to the building fabric. This effort aims to support
the automatic establishment of active components within
the HVAC domain, thereby supporting the development of
BEM2BEM research.
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Abstract

Our paper explores the improvements needed in 
navigating building standards and workflows for building 
warrant processes in Scotland. We examine this 
optimization through the lens of user experience, 
information and data flow, with the directive of improving 
the service provided to citizens by the Scottish 
government. We utilized the development of a web 
application and a digital process map as vehicles for 
engagement, developing knowledge for improvements 
and optimization through qualitative methods. The paper 
concludes with a discussion and proposals for improving 
the process, including the use of linked data, BIM, 
ontologies, and blockchain in an upgrade of the process.

Introduction

Governments establish laws, rules, and regulations 
relating to the built environment in order to safeguard the 
well-being and safety of their citizens. In the UK, the 
multitude and complexity of technical requirements and 
associated legislation for reviewing construction designs 
and providing building warrants as well as inspections 
during construction ensure that the building warrant 
issued for the structure is constructed according to design 
(Fauth et al. 2023). Acquiring a building warrant holds 
significant importance in any construction project, 
serving as a foundational requirement for its lawful 
execution. On a global scale, the issuance of construction 
permits remains a complex and error-prone procedure, 
often characterised by a substantial time commitment and 
influenced by subjective judgments (Malsane et al., 
2015). One contributing factor to the limited 
implementation of quick complete automation in public 
administration is the absence of a comprehensive 
legislative framework, as well as a lack of societal 
acceptability. Furthermore, building officers responsible 
for overseeing building permit processes express 
reservations about the integration of digitization and the 
use of digital tools such as Building Information 
Modelling (BIM) models (Fauth, 2023). Additional 
reasons might be the lack of comprehensive and 
commonly agreed-upon standards for the processing of 
information, the lack of interoperability between data 
pools and databases, and the need to keep the process 
accessible to non-experts. For this particular reason, the 
acquisition of a building warrant holds significant 
importance in any construction project, serving as a 
fundamental requirement for the lawful execution of the 
project.
This research project involves the development of a map 
for navigating the building standards (BS) and building

warrant (BW) process of the Scottish government, in the 
auspices of a larger project that aims to improve the digital 
delivery of the building standards and regulations. We 
used two vehicles of engagement to enhance our 
understanding of the building standards and the building 
warrant process: a prototype of a web application for the 
BS and a procedural map for the BW. The paper examines 
the knowledge and output from these two engagement 
tools. 

Background 

Building Standards in Scotland and the United 

Kingdom – relationship between government and 

local authorities 

The digitisation processes of managing data in the 
Architecture, Engineering, and Construction (AEC) 
industry have been recently widely encouraged (Hobeika 
et al. 2022; European Commission 2021). The Building 
Standards division in Scotland is driving the digital 
transformation of building standards and the building 
warrant process. The traditional way of manually 
handling and assessing the building warrant applications 
can be prone to error - an activity that requires a high level 
of effort from all parties from different disciplines 
involved (Ullah et al. 2022). There has been a need to 
improve the building warrant completion process 
recognized, and this research acknowledges the many 
disjointed data landscapes – i.e fragmentation between the 
planning process and design, and a lack of orchestration 
between data pools/data silos needed to create a well-
coordinated digitized system that has all the required 
functions to smoothly handle the process of building 
permit acquisition – from online submission, review and 
management of the applications. In 2017, the e-
development platform was introduced (and managed by 
the Scottish Government in partnership with all Scottish 
local and planning authorities), providing the ability to 
digitally submit planning and building warrant 
applications. The portal is a complimentary digital service 
established by the Scottish Government in collaboration 
with all Scottish local authorities. It enables users to fill 
out and submit online building warrant applications, 
completion certificates and other relevant forms relating 
to the entire building standards system process. Yet, the 
current process of applying for approval documents - 
building warrants and completion certificates, comes with 
a myriad of complexities associated with the process that 
involves many stages and stakeholders along the journey. 
The e-development portal acts as a digital transition point 
between the applicants and local authorities but comes 
with its limitations (for example the size of data that can 
be uploaded onto the portal or communication of the 
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inspection services) that need to be overcome by using 
complimentary data transfer options and direct email 
correspondence between the verifiers and 
applicants/agents outside the e-development portal.

The building standards as an information repository 

This project aimed to create innovative processes for 
digitising the delivery of building standards information 
and processes associated with building warrant 
application, up to obtaining the completion certificate at 
the end of the permission journey. Additionally, the 
project focused on understanding the experiences and 
journeys of various stakeholders as they navigated 
building regulations and building warrant processes, 
which involved the provision of inspection services.

To achieve the objective, the research team started with 
the creation of a persona corresponding to each 
stakeholder group, which was then prioritised for testing 
purposes – with a focus on the less technically inclined. A 
customer journey mapping exercise followed, which 
determined the measures for success. In the second phase, 
we developed a minimum viable product (MVP) app and 
a map of the building warrant processes, using digital 
frameworks including Figma and WIX.

We focused on creating a web application prototype that 
will allow a range of stakeholders to navigate the building 
standards on their mobile phone or laptop/desktop 
computer in a swift and efficient, manner. The prototype 
allowed the usability testing of the navigation of the 
information repository of the Scottish Building Standards 
while allowing for various types of linkages to be 
developed following linked data and embedding 
approaches.

Research Questions

The project seeked to answer the following questions to 
achieve the objective, by conducting a thorough 
investigation into the requirements of navigating the 
building standards and the inspection services throughout 
the building permit journey.
● How can we improve the navigation of the expanded

universe of the Scottish Buildings Standards, for all
stakeholders, using an application, enhancing the
enabling vectors, and minising restrictions in the day-
to-day usage of the building standards?

● How can the building warrant journey and inspection
services in Scotland be improved and streamlined?

Methodology

We used a mixed methods approach involving both the 
development of personas from social sciences but also 
design science research where we developed a computing 
prototype and a digital map that we then used as an 
engagement tool to arrive at recommendations. Our 
adopted methods for this study were based on a hybrid 
model of combining the development of digital prototypes 
- web applications and a digital map of the BW process

with the engagement of a focus group of professionals that 
would use the app and then respond live to questions and 
a discussion, and then interviews with lay people who 
would also use the app and respond to a semi-structured 
set of questions. Essentially, the process of developing 
computer prototypes was interwoven with qualitative data 
collection methods derived from social science and user 
experience research. The framework diagram (Figure 01) 
is available on Github [1]. 

Figure 1: Overall Framework Diagram

Vehicles for research

Personas

Our qualitative methods for this study encompassed 
various stakeholder engagement activities (focus groups, 
interviews and, questionnaires) as well as the creation of 
PERSONAS for each key user group which helped to 
provide context to [web and mobile] application design 
for Building Standards navigation and streamline 
processes involved in the building warrant completion 
process. The engagement strategy was tailored to pinpoint 
the specific profile of each user type [for lay people, the 
general public, and professionals] and their anticipated 
interaction with the digital tools [web and mobile 
application] for data management and to develop a series 
of improved workflows for building warrant completion.

The method of personas creation in user experience 
research helps to define and understand users’ needs,
goals, pain points, challenges, and behaviours. The user 
profiles help make more informed decisions and designs 
that takes into account diverse user perspectives fostering 
a user-centred design approach. In this study, through our 
stakeholder engagement strategy and iterative design 
processes, we have created different user profiles of 
professionals: agents [architects, architectural 
technologists, surveyors, and engineers], verifiers -
building officers, consultants [environmental, fire etc] and
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the general public in order to tailor the proposed 
digitisation technology and address the various user 
behaviours and diverse preferences. During the iterative 
process of engagement (using various qualitative methods 
– focus groups, interviews, and questionnaires) the
stakeholders were asked about their occupation and
objectives related to their work [Context]. They were also
requested to provide information on the challenges and
obstacles related to the building warrant process [Actions,
Motivations, and Pains] as well as best practices and
motivations [Values] that could drive the improvements
in the process (Figure 2). The information gathered from
personas helped to inform the design approach of our
engagement tools. Essentially our methods are firmly
based on social sciences, using however the design of the
web application and the map of the digitised process as
design artefacts and engagement tools, with which we
build knowledge via the engagement with the participants.
Further knowledge building took place through a search
through the design space for the web application and the
gaps highlighted in the map of the digitised process of the
building warrant.

Figure 2: Personas map showing and example of an agent 

involved in the building warrant process.

Web App

Application Development Stage

Figure 3 showcases the initial web prototype developed in 
Figma. The proposed mobile application prototype was 
presented and tested through focus group interviews with 
professionals in the building construction industry. This 
prototype was being tested and feedback from different 
personas was. This prototype was mainly focused on 
testing the performance of the UI and UX. The structure 
of the prototype followed the proposed swimlane diagram 
and the customer journey issued by the Scottish 
Government: Stage 1 Before you apply for a building 
warrant; Stage 2 Apply for a building warrant; Stage 3 
Local authority assesses your building warrant 
application; Stage 4 Building warrant is granted by your 
local authority; Stage 5 Building work (or conversion) 
starts; Stage 6 Changes to the building warrant design;

Stage 7 Building work (or conversion) is complete; Stage 
8 Local authority accepts your completion certificate. 

Figure 3: Showcasing Screenshots from Figma Prototype 

The feedback from the participants was positive and 
overall UI and UX were easy to understand and follow. 
However, there were few participants who pointed out the 
accessibility of the application. There would be an issue 
for users to access from the office since they would be 
mainly accessing from desktops/laptop devices rather 
than mobile devices. Therefore, based on the feedback, 
the approach of the development is also considered to 
improve the accessibility of the prototype. 

The Web Application (Web App) was further developed 
using the wix.com platform, utilized in this project in 
order to maximise the accessibility for different users 
from mobile devices, tablets, and desktops that is able to 
optimize accessibility across various platforms. The web 
app prototype focused on navigating the building 
standards for building warrant applications for the general 
public. The structure of the application is illustrated in 
Figure 4, while its interface on Figure 5. 

Figure 4: Overall WebApp prototype structure using Wix.com 
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In order to make the web app more interactive and user-
friendly, simplified languages and guidelines of the 
application, highlighting key actions, and related 

building standard documents are being added during the 
web app development (Figure 5). The web app prototype 
is available on Wix.com [02].

Figure 5: Showcasing Screenshots (Left: mobile, Right: website) from WebAPP (Wix.com) Prototype 

The Building Warrant Process

Investigating and recreating the swimlane diagram helps
visualise and explain the whole process of all parties
involved in building warrant applications. Figure 6
illustrates the full process of the building warrant
application, and Figure 7 showcases an overview process

of building warrant application. Both application 
processes followed the stages written in the document 
issued by the Scottish Government, with meetings and 
discussions with members from the Building Standards 
Division of the Scottish Government to prepare and 
finalise the process of building warrant application.   

Figure 6: Whole Process of Building Warrant Application 

Figure 7: Overview Process of Building Warrant Application

The swimlane diagram uses mainly three shapes to 
identify the actions for the readers to understand. (1) an 
Oval shape, representing the starting and ending action, 
(2) a Diamond shape, representing the decision needed to
be made, and (3) a Square, Action happened.
Figures 6, and 7 illustrate the whole process of building 
warrant application, the process was divided into 8 + 1 
stages: 

1. Before you apply for a building warrant.
2. Apply for a building warrant.
3. Local authority assesses your building warrant

application.
4. A building warrant is granted by your local

authority.

5. Building work (or conversion) starts.
6. Changes to the building warrant design.
7. Building work (or conversion) is complete.
8. Local authority accepts your completion certificate.
9. Local authority rejects your completion certificate.

Moreover, the swimlane diagram includes all sections 
carried by all parties being involved in the process, from 
a top darker colour to button lighter colour: (1) Building 
standard officer/ Local authority; (2) eDevelopment 
Scotland; (3) Agent, a professional who handles the 
application on behalf of the client; (4) Shared action 
(Agent/ General public), actions are similar on both 
parties; (5) Member of the public; and (6) Other, 
Specialist that involved during the application. 
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Through several structured dialogues with members from 
the Digital Strategy and the Building Standards Division, 
our team analysed the BW process and developed a 
swimlane diagram of it. While analysing the process of 
building warrant applications, it was essential to identify 
all actions (being carried out by different parties), and 
stakeholders being involved in the application process. 
Despite the rich documentation published by the Scottish 
government, none of it was comprehensive and 
integrated, confusing and misleading its users. 
Furthermore, the application varies between different 
councils in Scotland, each council has a slightly different 
set of explanations and technical requirements. Moreover, 
eDevelopment Scotland mainly acts as a digital mailbox 
between applicants and councils, i.e there is no central 
storage of the data. eDevelopment lacked connections 
between both platforms and applicants and may lead to a 
slower process of applications, as the applicants submit to 
eDevelopment, but receive answers from each particular 
council which is responsible for their application. 
Furthermore, building regulations may be interpreted 
subjectively by different building standard officers, 
leading to inconsistent application of rules. This creates 
confusion and unfairness for the applicants. 

Data collection and analysis

Focus Group

The initial data collection was conducted through an open 
invitation online focus group that was distributed through 
social media channels (LinkedIn and Eventbrite). The 
focus group participants that signed up for the workshop 
involved an expert group representing the built 
environment industry including architects, technologists, 
quantity surveyors, building physicists, building 
inspectors, and sustainability consultants working on a 
variety of project types and scales (interiors, existing 
buildings, retrospective works, or large-scale education 
projects) offering full design services throughout all 
RIBA stage (Figure 8).

Figure 8: Focus group participants 

Questionnaire

The questionnaire was issued in the advanced phase of 
developing the engagement tools timeline which allowed 
the research team to refine the questions and gather 
valuable feedback for both work packages. The 
questionnaire respondents were asked to review the 
streamline diagram embedded into the survey. The 
majority of respondents were aware of the overall process

of getting a building warrant permission, however only 
60% were familiar with the official documents explaining 
the process. This suggests that an online platform or 
indeed an interactive diagram with embedded 
links/images/explanatory documents and videos could be 
a future useful improvement in making the customer 
journey through the building warrant process more 
approachable and easier to understand when asked about 
the challenges associated with the permission process the 
participants indicated ‘Contacting officers to discuss 
points raised " and "Technical innovation / alternative 
approaches", timescales - ‘lengthy process’, individual 
interpretation of technical observations and general 
interaction with the local authority as issues contributing 
to the complexity of the process. The direct impressions 
from the diagram indicated that the simplification could 
be considered as one of the participants commented: ‘Far 
too complex, much simpler in practice/not needed to be 
explained in that much detail’. Additional comment was 
raised about the wording of certain stages in the process 
not adhering to the RIBA Plan of Work Stages. This, 
however, was predetermined in the official document 
released by the Scottish Government - ‘Making a quality 
building warrant application - what you need to know’ 
gov.scot (www.gov.scot). 
The issues of acceptability and potential client-agent 
relation issues were also raised due to the possibility of 
progress tracking ability and potential liability of delays 
in the process being shifted to the agents: ‘Any direct 
involvement from the client in this process would likely 
only result in further client-agent relation issues. [...] I feel 
it only opens the chance for a client/BCO to be able to lay 
blame on the agent unnecessarily. This whole idea could 
result in overconfident homeowners not appointing an 
agent.’ 
However, the overall functionality, clarity, and usefulness 
of the building warrant timeline were positively rated 
noting that the relevant information was included within 
the diagram and that the schematic was relatively easy to 
follow with legible content. Most of the participants were 
also in agreement that the best practice to move forward 
in the process would be an online platform to 
comprehensively process the application with improved 
liaison with the building inspector (and local authority 
prior to submitting the application); reminder of 
scheduled inspection, automated reporting on the status of 
the application with the ability to track progress and be 
aware of the ‘next steps’ in the application. The mobile 
[web] application was also mentioned together with 
notification of the required actions and responsibilities for 
those involved in the process as useful features that could 
be embedded in future digitisation of the customer 
journey diagram (Figure 9). 
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Figure 9: Extract from the survey with participants’ comments 

on the diagram 

Most of the participants were also in agreement that the 
best practice to move forward in the process would be an 
online platform to comprehensively process the 
application with improved liaison with the building 
inspector (and local authority prior to submitting the 
application); reminder of scheduled inspection, 
automated reporting on the status of the application with 
the ability to track progress and be aware of the ‘next 
steps’ in the application. The mobile [web] application 
was also mentioned together with notification of the 
required actions and responsibilities for those involved in 
the process as useful features that could be embedded in 
future digitisation of the customer journey diagram 
(Figure 10). 

Figure 10:  Results from the questionnaire pointing to the best 

practice

Results and Discussion

In this project, we designed and published a web app 
prototype focused on providing a platform for the general 
public to navigate the Scottish building warrant 
application processes and other related documents of the 
Scottish building regulation. The prototype streamlined 
the application process and made the application process 
more accessible and interactive for members of the public. 
Through prototype testing and a series of interviews, it 
shows the potential of web application prototypes to 
enhance the accessibility and user-friendliness of the 
navigation process of Building Standards and Building 
Warrants for the general public. The outcomes of this 
phase of the prototype show a huge potential for further 
exploration and development for impact. Through the 
interviews, we have observed that by simplifying the 
content of the building standard and building warrant 
application into illustrations and or plain language we can 
help a broader audience (members of the public and 
professionals) to understand easier, without requiring

professional high level skills. These enhanced by 
interactive elements in the app provide clarity to the user 
experience.  

The proposed web app prototype would be beneficial for 
users to navigate and understand the process of the 
building warrant applications and other building 
standards. However, for this project, we recognize that the 
approach of the research has the following limitations. 
The navigating framework mainly focused on the 
members of public access. The needs and usage habits of 
professionals such as: architects, architectural 
technologists, building standards authorities, etc. will be 
different compared to lay people. This prototype used a 
no-coding platform as the approach of the framework, 
thus not allowing full customization of all parameters as a 
full-from the ground -up application would provide. 

Beyond the limitations presented here, the proposed web 
application prototype and interviews show the potential of 
developing a building standards hub or platform for 
different stakeholders to navigate the Scottish building 
regulations integrated with the process of building 
warrant application. There is different research (Kim, et 
al, 2020., Zhong, et al, 2018., Zentgraf, et al, 2023) 
showing that the frameworks are available to fill the gap 
and to develop a more effective navigation platform for 
building standards.  

We summarise here the directions that this platform could 
encapsulate: Personalised user profiles where one can 
save searches, encourage users to revisit topics, easily 
picking up their trail from a previous visit, along with 
bookmarking frequently used documents or sections of 
the documents.  Additionally the use of linked data 
approaches between the text of the regulation and building 
standard and real examples or guidelines of application 
would enhance the experience of the user and reduce 
ambiguity in the regulations. Further, a focus on 
navigation on building types could be developed. At the 
moment, when navigating the standards, the user has to 
choose between domestic or non-domestic regulations 
and there are cases where categories span both texts. Any 
platform of course would have to Consider mobile and 
web applications (user dependent). In order to maximise 
the flexibility of this application, both mobile and web 
applications for navigating Scottish building regulations 
and warrant content enhance the accessibility in the 
building environment community. Mobile applications 
such as smartphones, or tablets allow users to access the 
navigation app in different locations; websites otherwise 
were designed aimed at office users. Cross-platform 
allows users to choose their preferred platform and 
enhance accessibility. Although this prototype has not 
explored the potential of a Progressive Web App (PWA), 
such an approach allows offline access in the mobile 
background that benefits users offshore, and in highland, 
areas that have no internet connections; Installing the app 
into the mobile devices, PWA also allow users to 
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download the app and access the content even when there 
are no internet connections (web. dev, 2023).
Finally, Design compliance tracking tools. Implementing 
tracking tools in the future development of the web app 
enables monitoring updates of building regulations and 
responses from building standard officers. For example, 
questions on clarifying unclear sections of action during 
applications or anticipating results of the submission of 
applications. Furthermore, a direct mailbox as a single 
point of contact between the user and the authorities, helps 
individuals to keep track of all actions that have been 
taken. Additionally,  automated alerts are another 
potential feature that would help guide the applicants to 
stay on track and generate alerts when deviations are 
being detected. Such features may help to minimise errors 
during application.

Conclusions

Within this research study, we analysed the navigation of 
the building standards of the Scottish government and 
identified the actions and stakeholders involved during 
the application process of a building warrant in Scotland. 
We used a web application and a digital schematic 
diagram appropriately developed. Our work produced a 
number of key critical inflection points in the building 
warrant application and developed a set of guidelines for 
improving the navigation of the building standardfs.

Further work could include holistic implementation of 
thorough digitization and standardisation process in the 
planning process, ie starting from planning permission to 
the building warrant, a journey that should include a set 
of newer technologies such as building information 
modelling, linked data and potentially the use of 
blockchain for the data that need it.
In this context, different potential digital applications may 
assist and improve the technological barriers during 
building warrant application processes. Blockchain and 
Ontology offer a different approach for future 
improvement, in improving the quality of the application 
processes, and user-friendly experience. Blockchain 
offers a secure and shared system for storing information 
(Dounas, 2022). Ontology helps to organise and 
standardise information and data management (Zentgraf, 
2023). These approaches provide a huge potential in 
improving the current system of building warrant 
applications, improving the application processes, and the 
security of the data.
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Abstract 

In this article, we present a “Harmonizer module”, based 
on RML mapping language, SPARQL1 and RDF, which 
allows importing heterogeneous data sources into a 
unique Building Energy Analysis-oriented ontology. This 
work is being performed in the context of the H2020 
BIGG project2. The Reference Architecture Framework 
designed by the project leverages the specific ontology 
which is used as a harmonized input for the unique BIGG 
Data Analytics Toolbox that creates various building-
energy related insights. The Harmonizer module receives 
inputs from different kind of building energy analysis data 
(such as: location, building structure, sensor data, time 
series), formats them and maps them to the concepts 
defined in the BIGG ontology. This paper will introduce 
the objectives of the BIGG project, a description of the 
BIGG ontology before describing the workflow and the 
functionalities of the Harmonizer module, it's 
implementation and current results. 

Introduction 

Prominent parts of the National Energy Efficiency Action 
Plans of the EU countries are dedicated to strategies for 
increasing the energy efficiency in buildings. These plans 
include overviews of countries’ building stock, policies 
for stimulating the renovation rate, including estimates 
and projections about the energy savings and carbon 
dioxide emission reductions from applications of different 
measures.  
The increasing availability of data from smart meters and 
digital sensors in buildings has enormous potential to 
support the more efficient use of buildings. However, this 
requires the capability to collect, harmonize, and jointly 
process data from a variety of different sources. This 
problem is tackled by the H2020 BIGG project which has 
the objective to substantially facilitate the deployment of 
energy-related big data analytics for buildings and to 
support a large variety of business cases. BIGG develops 
a Reference Architecture and an Analytics Toolbox, 
supported by a common data model (BIGG Ontology) and 
a Harmonizer module for aligning data from different 
sources and providing them as an input for the common 
Analytics Toolbox. 

1 SPARQL. https://www.w3.org/TR/sparql11-query/ 
2 Building Information aGGregation, harmonization and 
analytics platform, H2020 funded project. 
https://www.bigg-project.eu/ 

This paper focuses on the presentation of the Harmonizer 
module designed for the conversion of external 
heterogeneous data formats into RDF complying with a 
targeted ontology. It has been created and exemplified in 
the context of the BIGG ontology for Energy Oriented 
Building Digital Twin but can be applied to any other 
ontology. The BIGG ontology is briefly addressed, but a 
detailed discussion on it is out of the scope of this paper. 

Related works 

The BIMERR (Boutouni et al., 2021) project is a research 
project aimed at developing and promoting the use of 
Building Information Modelling (BIM) in the 
construction industry. This project provides a tool called 
BIMERR Interoperability Framework (BIF) to ensure 
data exchange among applications. BIF utilizes 
mechanisms that enable semantic and syntactic 
interoperability. BIF uses the RMLMapper library 
(Dimou et al.,2014) and benefits from RML mapping to 
convert and align heterogeneous data into interoperable 
RDF data. Unfortunately, BIF neglects how to convert 
data based on an external taxonomy to a common 
interoperable taxonomy. 
Similar attempts to populate Digital Building Twin 
ontology from heterogeneous data have been initiated 
through the COGITO platform (Katsigarakis et al., 2022). 
COGITO mainly uses transformation tools based on RML 
mapping to transforms data concerning building 
description such as IFC and store them in a knowledge 
graph. Data collected by sensors are stored separately in a 
dedicated time series database. This approach doesn’t 
benefit from knowledge graph to ensure interoperability 
between static data and timestamped observations. 
Several solutions have been proposed to map semi-
structured data to RDF. The SweoIG taskforce has built a 
list of implementations also called RDFizer (Iglesias et 
al., 2020). Most of them are dedicated to a specific format 
or model. We focused our analysis on those who reach the 
project requirements: extensible language with call to user 
defined functions, model agnostic and fully compliant 
with W3C recommendations.  
RML is one of the approaches that allows mapping 
between various sources toward RDF. RML is an 
extension of the R2RML vocabulary to describe logical 
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sources. It generates RDF from JSON, CSV, or XML 
sources. 
SPARQL-GENERATE (Lefrançois et al., 2017) is based 
on a query language that queries the combination of an 
RDF dataset and a set of documents. Various formats can 
be supported thanks to the extensible set of SPARQL 1.1 
binging functions and SPARQL-Generate iterator 
functions. SPARQL-Generate is appropriate for engineers 
that are familiar with SPARQL query language. 
OpenRefine3 (formerly Google Refine) helps make sense 
of tabular data through a set of tools to clean, transform 
and merge several datasets together. RDF Refine is an 
extension of Open Refine meant to align the tabular data 
loaded in Open Refine with existing ontologies, while 
reconciliating the obtained URIs with third party RDF 
data sets. The data management part of Open Refine as 
well as the alignment towards RDF in RDF Refine are 
fully performed through a Web user interface. 
Unfortunately, RDF Refine does not allow to map CSV 
input files to RDF. Open Refine can also handle JSON 
data but does not implement multi-level iterators that 
make the mapping complicated when processing deep 
structures. 

The BIGG H2020 Project 

General presentation of the BIGG project 

The BIGG project aims at demonstrating the application 
of big data technologies and data analytic techniques for 
the complete building life cycle of more than 4000 
buildings in 6 large-scale pilot test beds. The proposed 
solutions will be deployed and tested as a pilot with 
country validation of at least two business scenarios in 
Spain and Greece. For that, the project has developed: 1) 
The Open Source Architecture (BIGG Data Reference 
Architecture 4 Buildings) for collecting, funneling, 
processing and exchanging data from different sources 
(smart meters, sensors, BMS, existing data sets); 2) An 
interoperable buildings data specification (the BIGG 
Ontology); 3) An extensible, open, cloud-compatible 
service (BIGG Data Analytics Toolbox of service 
modules) for batch and real-time analytics that supports 
effective decision and policy making.  

3 http://openrefine.org/ 

In that context the reference architecture framework 
(RAF) (Pastorelly et al., 2022) has been designed (see 
Figure 1) and implemented, and the BIGG consortium has 
developed open source BIGG components enabling big 
data analytics for different business cases: Benchmarking 
and building portfolio management; Energy certification 
in residential and tertiary buildings; Building life-cycle 
data interoperability: from planning to renovation; Energy 
Performance Contract support; Building optimisation for 
occupants; Flexibility potential of buildings. 

Presentation of the overall architecture 

The Reference Architecture Framework (RAF) can be 
seen as a dedicated implementation of the Digital Twin 
concept. The detailed RAF concept is presented in Figure 
1. 
The RAF consists in a pipeline of several components 
which can be orchestrated in different ways. The first step 
uses BIGG ingestion modules (1) that are software 
components acquiring specific data (2) from different 
custom sources using standard protocols like HTTP or 
MQTT. These ingested data are stored in data lakes for 
later processing and/or directly pushed through an event 
message bus like Apache Kafka4 to the harmonization 
module (3). The harmonization module is flexible enough 
to only require a standardized mapping file (4) to enable 
conversion of the initial specific data to the BIGG 
Standard Data Model 4 Building (5) required as input by 
the BIGG Data Analytics Toolbox (6). Harmonized data 
are instances of the BIGG data model, expressed in RDF 
format, containing only information needed for a specific 
use case. They can be stored in “harmonized data lakes” 
(ex: triple stores) and/or directly pushed through an event 
bus to the toolbox. The toolbox leverages several data 
analytics and AI/ML curated technologies to process the 
building/energy related data and produce insights output 
and push them back into the BIGG Standard Data Model 
4 Building (7). The Toolbox uses machine learning 
techniques to produce valuable predictions. The 
knowledge created by the toolbox can be stored in 
“harmonized lakes shores” and is used by specific 
dashboard and external system software components (8) 
that will transform back the harmonized data into the data 
formats required by external dashboards or systems. 

4 https://kafka.apache.org/ 

Figure 1: BIGG RAF detailed. 
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BIGG Ontology for Energy Oriented 

Building Digital Twin 

The creation of the BIGG ontology is rooted in the 
necessity to ensure harmonised input for the common 
Analytics Toolbox that allows developing data-driven 
services by using heterogeneous datasets generated within 
different business activities in the built environment. 
Conceived initially as a common data model developed in 
UML, it evolved to a graph data structure described in the 
Web Ontology Language (OWL) to benefit from the 
standardisation and data processing power offered by the 
semantic technologies. 
The development process of the BIGG ontology followed 
a methodological approach similar to that suggested in 
(Radulovic et al., 2015). It is schematically illustrated in 
Figure 2 and has four phases, including the ontology 
alignment as a last step (once validated by the 
implementation of the business cases, BIGG ontology was 
aligned with already existing ontologies concepts coming 
from ifcOW, SAREF, SSN/SOSA, BOT, etc, and 
properly documented and published). 
Overall, the BIGG ontology provides a standardised way 
to describe and organise data for buildings and 
applications requiring comparison and analysis of data 
related to performance of buildings, their systems, 
elements, and their usage. 

Table 1: Main classes of the BIGG Ontology 

Class Description 
bigg:Building A building for which data is 

provided 
bigg:BuildingSpace A space that can represent 

one or more rooms, floors, or 
zones of a Building 

bigg:Element Generic element of the 
building 

bigg:Device Any meter, sensor, or 
actuator that can capture a 
signal or assume a state 

bigg:Sensor A collection of 
Measurements from the same 
Device 

bigg:Measurement Any time series record 
registered by a Device. 

Currently, the BIGG ontology contains 100 classes, 181 
DataProperties and 108 ObjectProperties. Table 1 
provides a description of some of the main classes. 

The BIGG Harmonizer 

The Digital Building Twin involves a multitude of data 
models and formats coming from different sources such 
as open data providers, asset management software and 
sensors. Regarding data formats, relational databases and 
XML are still present, Open Data portals heavily rely on 
CSV, and web APIs on JavaScript Object Notation 
(JSON). The RDF data model is used as a federated model 
to reach semantic interoperability and querying of data 
having heterogeneous formats (Michel, 2017). 

Presentation of the overall concept and input data 

The BIGG harmonizer aims at converting any data in 
scope of energy performance of building, that fit with the 
BIGG Ontology, into RDF. Data that are not needed for 
use cases are filtered. As possible inputs in our approach, 
we focus on JSON for data coming from sensors 
(timeseries) and asset management software (building and 
systems description) as well as CSV coming from Open 
Data (geolocation) and RDF (data aligned on SAREF, 
SOSA or IFC) for alignment with existing ontologies (see 
Figure 3). 

Figure 3: General workflow of the Harmonizer module 

The harmonizer must generate data respectful of W3C 
recommendations and BIGG Ontology by providing the 
following functionalities: (F1) Converts JSON files into 
RDF compliant with BIGG Ontology; (F2) Converts CSV 
files into RDF compliant with BIGG Ontology; (F3) 
Aligns Data described using standard ontologies covering 
the same scope (ifcOWL, SAREF, SSN/SOSA, 
GeoNames, QUDT, WGS84, FOAF); (F4) Allows to map 

Figure 2: Methodological process for development of the BIGG Ontology. 
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input objects with BIGG classes; (F5) Allows to map 
input attributes with BIGG data properties; (F6) Interprets 
implicit links between objects through object properties; 
(F7) Reconciles input values with open registers, BIGG 
taxonomies and enumerations; (F8) Materializes data 
context and generate 5-stars data. The next parts describe 
how the harmonizer provides these functionalities. 
Converting input formats to RDF (F1, F2) 
The Digital Building Twin necessitates high-quality data 
known as 5-star data, as originally introduced in (Berners-
Lee et al., 2009). Frequently, the raw data obtained by the 
Digital Building Twin necessitates cleaning and 
enrichment to enable full interoperability. The levels 
established by Tim Berners-Lee are: availability (level 1), 
structuring (level 2), openness (level 3), universal 
identification (level 4), and linkage to other data (level 5). 
In our case, raw data is mainly provided as JSON, but the 
same methodology could be applied to CSV-formatted 
data. In this project, the 5-star level is achieved by 
following the RDF specifications. 
First stage of the harmonizer extracts inputs from a JSON 
file and a RML mapping file in order to produce a first 
RDF file matching the BIGG scope (see Figure 3). The 
RML mapping files are composed of iterators to identify 
data sources and class mapping declarations that refer to 
iterators. Mapping files can either be produced manually 
or by using dedicated tools that simplify the mapping 
process such as RMLEditor5 or Matey6. This procedure is 
detailed in the Implementation section. 
The RML processing is based on the RMLMapper library 
developed by Ghent University. Firstly, the relevant parts 
of the JSON are identified according to iterators declared 
in the mapping file. Then the mapping itself is performed 
by creating, for each mapping data, an instance of the 
mapped ontology class, by generating a URI, and by 
generating triples according to data properties. Each URI 
is generated from the context (provider or building owner 
and building) and the local ID defined in the JSON. 
Interpreting implicit link (F6) 
The underlying structures of JSON are arrays and trees. 
Relations between objects are implicitly declared by using 
the native parent-child relation provided by the tree 
structure. As BIGG Ontology defines several relations, 
the harmonizer needs to match the parent-child relation 
between two JSON objects with one of the BIGG 
Ontology relation. Figure 4 illustrates how two parent-
child relation from the same JSON file can be interpreted 
as distinct relations in the BIGG Ontology. 

5 RMLEditor, https://rml.io/tools/rmleditor/ 

The materialization of implicit links is also ensured by the 
harmonizer’s first mapping stage. Object properties (as 
declared in the mapping file) map instances with each 
other’s by using their URI. As for instance generation, 
JSON samples corresponding to the subject and the object 
of a triple are identified using absolute or relative 
expressions. As URI are always generated by using the 
same convention, URIs remain consistent. This way, 
URIs generated when populating instances match with 
URIs generated when building relations between 
instances. 
Reconciliating data with enumerations (F7) 
The BIGG harmonizer uses GeoNames as a universal 
register for public buildings. By reconciling GeoNames 
buildings with BIGG building descriptions, the project 
allows for the federation of data provided by building 
owners with data provided by the Open Data community. 
This is achieved by querying the GeoNames endpoint to 
retrieve the building's public URI, official name, and 
address, using the building location as a reference. The 
harmonizer's first stage generates a graph, which is then 
used to execute a federated SPARQL query in the second 
stage to replace the temporary building URI with the 
GeoNames URI and insert complementary information 
requested from GeoNames. Alternative public endpoints 
can be used to provide data on building height, roof 
inclination, and envelope materials.  
The BIGG Ontology is a valuable resource that provides 
taxonomies for the classification of various objects, 
including buildings, spaces, and sensors. Within the 
context of building usage classification, an excerpt of the 
building usages taxonomy is presented in Figure 5, which 
outlines the primary services provided by a building. 
In situations where the classification of raw data differs 
from the BIGG classification, the harmonizer’s second 
stage is used to translate between the two. For example, 
the French building classification term "Université" must 
be converted to its corresponding term in the BIGG 
taxonomy, namely "University". 

Figure 5: Sample of one of the BIGG taxonomies classifying 

building space usages. 

A thesaurus is embedded in the BIGG ontology. It 
employs the SKOS ontology to describe taxonomies 
(skos:scheme), translations (rdf:label “Université”@fr, 
“University”@en) and cross-taxonomy semantic links 

6 Matey, https://rml.io/yarrrml/matey/# 

Figure 4: Sample of JSON file describing building structure. 
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(<medical center> skos:match <hospital>). In the 
harmonizer’s second stage, the reconciliation process is 
accomplished through a federated query that utilizes the 
thesaurus to translate from the taxonomy used in the raw 
data to the harmonized taxonomy. 
Materializing data context (F8) 
When describing energy consumption as JSON time 
series (Figure 6), the contextual information regarding the 
source (Who), location (Where), and method (How) of 
measurement is often overlooked or indirectly specified 

in the file name. A standardized approach is required to 
extract and retrieve this contextual information from the 
pre-existing database or other data sources. The 
identification of data providers and building owners can 
be incorporated into the mapping file (in the SPARQL 
mapping), which can be further utilized by the harmonizer 
to enhance the graph. In instances where the timestamp is 
absent, the current date and time can be used to trace the 
incoming data. As an additional improvement, the 
harmonizer can also extract pertinent data, such as 
building and sensor identification, from the file name to 
further augment the graph. 
Aligning data (F3) 
In addition to the raw data collected by the Digital Twin 
as a JSON file, the harmonizer enables the ingestion of 
RDF data that implements standardized ontologies.  
The BIGG Ontology has been aligned with several 
existing ontologies related to Digital Building Twins, 
such as BOT (for building topology description), SAREF 
(for energy system description), and SSN/SOSA (for 
sensor and timeseries description).  
This alignment consists of triples that declare 
corresponding classes and corresponding predicates from 
one ontology to the other. The data alignment is generally 
performed on a given opportunity via a semantic reasoner 
embedded in the triple store but, if necessary, the 
harmonizer can materialize class and properties 
alignments by substituting the original vocabulary with 
BIGG vocabulary. 
The BOT ontology is a minimal ontology that defines 
relationships between the sub-components of a building. 
It has been suggested as an extensible baseline for use 
with more domain-specific ontologies, following general 
W3C principles of encouraging reuse and keeping the 
schema no more complex than necessary. The BIGG 
Ontology defines some classes that are equivalent to BOT 
classes. For example, bigg:BuildingElement, which 
describes building components, is equivalent to 

7 https://rml.io/yarrrml/spec/https://rml.io/yarrrml/spec/ 

bot:Element, and bigg:Zone is equivalent to bot:Zone. 
With respect to object properties, bigg:hasZone is defined 
as an equivalent property to bot:containsZone, and 
bigg:containsBuildingSpace is an equivalent property to 
bot:hasSpace. 
SAREF is an ontology supported by the ETSI SmartM2M 
standard that enables interoperability among IoT projects 
and can be extended to any IoT vertical domains, such as 
smart buildings or energy. The BIGG Ontology reuses a 
few SAREF concepts, such as saref:Device, saref:Sensor, 
and saref:UnitOfMeasure, to describe sensor networks 
and time series. In the BIGG Ontology, a sensor is located 
(bigg:isContainedInSpace) in a space, observes a building 
element (bigg:featureOfInterest), and provides 
measurements (bigg:hasMeasurements). 
There are two ways to extend the harmonizer's alignment 
capabilities. The first way is to extend the ontology with 
new class and property equivalences. The second way is 
to add SPARQL mapping queries that will convert classes 
and properties from one vocabulary to another (2nd 
mapping stage in Figure 3). 

Implementation 

The harmonizer is a generic way to convert any building 
energy related data into BIGG digital twin compliant data. 
As it would be too much effort to code serializers for each 
kind of source by using generic programming language, 
the harmonizer is based on the RML mapping language 
that simplify mapping specification for data providers. 

Choice of the mapping language 

The BIGG project focuses on RML as a mapping 
language for the following technical reasons: 1) RML is 
based upon RDF that is consistent with the harmonized 
data; 2) RML mappings are reproducible and 
maintainable; 3) RML is an extension of a W3C 
specifications: R2RML (Das et al., 2012); 4) RML is not 
limited to one type of input format and can easily handle 
JSON, CSV and XML format. But mostly, in the scope of 
the BIGG project, it was important that the mapping files 
can be generated (or at least updated) by non-
informatician persons responsible for the different 
business cases. In this perspective, we have concluded 
that RML was the best option, thanks to the YARRRML 
language and Matey tools that offers the most suitable 
solution of our project. To this, we added a second 
mapping stage based on SPARQL to align URIs 
controlled values and taxonomies. 

Development of the mapping files 

YARRRML7 is a human-readable mapping language 
developed by the University of Ghent, it allows to define 
rules and to convert them into RML or R2ML mapping 
language. Therefore, the generated RML mapping file 
contains rules to be used to transform input data into an 
RDF format. The web-based tool named Matey offers the 

Figure 6: Example of JSON time series missing building or 

provider context 
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possibility to write YARRML rules in a user-friendly 
way. 
Matey user interface consists of 4 windows. Top left 
window contains input data (for example a JSON file). 
Top right window is the YARRRML editor, where user 
can write the YARRRML mapping script. Pushing the 
“Generate RML” button will automatically translate 
YARRRML script to RML and fill in the bottom right 
windows. Finally, pushing the “Generate LD” button will 
fill in the bottom left window with the RDF file resulting 
from the mapping of the input data using RML rules.  
In the case of the BIGG harmonizer, Matey is used to 
develop and test the mapping rules in YARRRML 
language, generate RML rules and export them into a file. 
The YARRML mapping file is composed of three main 
parts (see Figure 7): 
The declaration of prefixes: Some prefixes and 
namespaces are predefined by default in YARRRML, and 
a set of customs ones can be added by adding the 
‘prefixes’ collection to the root of the document (for 
example prefixes for the BIGG Ontology). 
The declaration of sources: 
Under the tag “sources” are listed all the “entry points” 
into the input data. Each entry point is defined by the file 
name, the format and an iterator acting as a regular 
expression to filter data. For example: 

• Iterator: “$.building[*]” will iterate over all
“building” entities in the file.

• Iterator: “$..contents[?(@.type=="SITE"&&
@.categoryCode=="BUILDING")]” will iterate over
all “contents” entities at any level in the JSON tree,
and which have specific values of “type” and
“categoryCode” properties.

The mapping rules: 
Finally, the ‘mappings’ collection contains the declaration 
of the mapping rules explaining how to translate the 
current entity pointed by the iterator into triples (subjects, 
predicates, objects) of the BIGG Ontology. For the 
example of Figure 7, the mapping named “building” takes 
as an input source the iterator “data1”, and instantiate an 
object named “$(name)” as a bigg::Building, which as a 
bigg::name egal to “$(name)” and has a relation to a space 
declared as “space_$(name)”. Instantiation of the 
bigg::BuildingSpace will be done in the next mapping 
rule. 

Providing the harmonizer as a service 

SDM-RDFizer is an interpreter of mapping rules that 
allows the transformation of (un)structured data into RDF 
knowledge graphs. The current version of the SDM-
RDFizer assumes mapping rules are defined in the RDF 
Mapping Language (RML). The SDM-RDFizer 

 Figure 7: Example of a JSON input file (top left) with the corresponding YARRRML mapping (right) and the RDF file created by the 

mapping (bottom left) 
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implements optimized data structures and relational 
algebra operators that enable an efficient execution of 
RML triple maps even in the presence of big data. SDM-
RDFizer is able to process data from heterogeneous data 
sources (CSV, JSON, RDB, XML) processing each set of 
RML rules (TriplesMap) in a multi-thread safe procedure. 
RocketRML (Simsek et al., 2019) is also an 
implementation of the RML mapper specification based 
on NodeJS. Whereas RocketRML appears to be faster 
than RMLMapper library, it only supports a subset of the 
RML specification that is needed for our use cases. 
RMLMapper developed in java (rmlmapper.jar) is the 
reference implementation of the RML mapper 
specification as it covers all the features. Furthermore, it 
is more widely used and benefits from a more active 
community regarding version control insights (Heyvaert 
et al., 2018). For those reasons, RMLmapper is the one 
used in BiGG to process RML mapping rules on a selected 
dataset to generate an RDF document. The integration of 
this library into a Python module allows to experiment the 
harmonization of input data from multiple sources 
automatically. The Python module created to harmonize 
input data with the BIGG Ontology is composed of two 
stages, the first one is related to the RML mapping file, 
and the second one is related to the alignment of standards 
ontologies with the BIGG Ontology.  
The conversion step is the first stage of the Python 
module, it corresponds to the use of the java library to 
convert an input JSON file into an RDF file thanks to the 
mapping rules defined in the RML file. The module can 
output two serialization formats of RDF, the TTL (Turtle) 
or the JSON-LD format.  
The second stage of the Python module, corresponds to 
the use of SPARQL queries in order to add, translate or 
complete the RML stage. The second stage can also be 
used to align data based on standardized Ontology into the 
BIGG compliant RDF. For instance, it allows to align data 
based on standards ontologies like ifcOWL, SOSA or 
SAREF, with the BIGG Ontology. 
The execution and test of the Python module can be done 
in a Jupiter Notebook, with the command line of Figure 8. 

Experimentation with data provided by pilot sites 

The harmonizer process can be illustrated with a simple 
example of a building containing storeys, spaces, and 

some devices. Figure 7 shows the corresponding JSON 
input file on the top left, and the YARRRML mapping file 
on the right. Once the RML mapping file is generated, we 
can use it to convert the input file into an RDF file 
aligning with the BIGG Ontology (bottom left). 
The Python module allows the use of the RML mapping 
rules to align the input data with the BIGG Ontology into 
an RDF document. Automatically, it generates instances 
of BIGG objects like bigg:Building, bigg:BuildingSpace 
and bigg:Device with the related relations (Figure 9). 
The same approach has been successfully applied with 
input data from other sources: group, systems and sensors 
structure exported from exploitation control software, or 
time series coming directly from sensors. Each specific 
data is mapped to instantiate a specific part of the BIGG 
ontology. 
In a second phase, the harmonization module is also used 
to create rules to include import data in standard format 
(e.g.  ifcOWL) into an instance of BIGG model. Indeed, 
the harmonizer second stage allows to execute SPARQL 
queries to specify correspondences between ontologies 
(Figure 10). 

Discussion & perspectives 

The BIGG harmonizer implements and orchestrates 
transformations on heterogeneous data. This article 
demonstrates how the harmonizer can convert any data 
covering building and sensors description as well as 
energy related time series. It is fully compliant with W3C 
recommendations by composing an RML transformation 
with SPARQL transformations. This solution is 
extensible as any data providers can add his own mapping 
files to process his own data stream to the unified BIGG 
data toolbox. The main limitation of the current 
implementation is the use of files as data buffers between 
providers and the digital twin.  

Figure 10: Visualization of objects from the BIGG Ontology to be instantiated with the Python module.

Figure 8: Command line calling the Harmonizer module. 

Figure 9: Example of Alignment between ifcOWL Ontology 

and BIGG Ontology 
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At this stage of the project, a dozen of RML mapping files 
have been developed for real input data (several initial 
tests were done with manually developed input files), 
covering 5 different Use Cases. Two of the involved 
partners were able to generate these mapping file quite 
easily using Matey tool, and three other partners have 
been trained to learn YARRRML language and are now 
able generate their own mapping files. 
Matey tool and YARRRML language allowed us to 
develop most of the mapping we need. We encountered 
mapping difficulties on only one input file, which have a 
more complex structure: the depth of element 
decomposition depends on the type of element. This 
requires implementing some “Conditions” in YARRRML 
and managing “Iterators” in a different way. These 
aspects have been investigated during the last months of 
the project and seems very promising. 
From a data integration point of view, the main objective 
of the BIGG project was to design, develop, and test a 
specific architecture allowing to address as many use 
cases as possible through a common data analysis 
pipeline. By designing a dedicated BIGG ontology, and 
developing a generic data harmonization tool, based on 
RML mapping language, to feed it from heterogeneous 
data sets, we achieved our objective, while using standard, 
open, and extensible technical solutions. 
The RAF describes BIGG components and state-of-the-
art techniques to coordinate BIGG components, may the 
actual architecture deployment on a local server or on a 
cloud infrastructure. The next step is the integration of the 
harmonizer into the whole stream-oriented architecture. 
Each BIGG component implements its business logic 
using specific technologies and specific supporting open 
sources libraries or frameworks (e.g., Kafka (Noac'H et 
al., 2017) (Hiraman et al., 2018)). Then business logic 
code is containerized using Docker (Wan et al., 2018). 
Components get their features accessible via APIs 
(Application Programming Interface), with event message 
compatible interface. For the latter point, the Kafka event 
streaming message system and RMLStreamer (Min et al., 
2022) has been chosen to allow the platform to process 
continuous data streams. 
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Abstract 
Human-Data Interaction is central to the dynamic nature 
of the construction industry and its growing reliance on 
substantial data sets. In this paper, we evaluate literature 
on the topic of Human-Data Interaction across several 
technologies and concepts within the built environment 
with the aim of identifying underlying aspects that can 
lead to an underpinning theory of Human-Data Interaction 
in the built environment to support advancement of the 
research in the field. Those aspects were identified as 
trust, game theory, empowerment of humans, human 
control, safety, accessibility, enhancing understanding, 
and the three pillars of Human-Data Interaction of agency, 
legibility, and negotiability. 

Introduction 
The evolution from specialised to ubiquitous and 
interconnected computing has instigated a profound 
transformation within the construction sector impacting 
every facet of the design, construction and operation of 
buildings and infrastructure. During the design phase, the 
adoption of tools such as Building Information Modelling 
(BIM) has revolutionised approaches by enabling 
collaborative planning and precise 3D modelling in real 
time. This technological advancement continues into the 
construction phase with the use of devices like 
smartphones and tablets along with devices and sensors 
that monitor progress and site conditions. These 
innovations contribute to decision making and efficient 
resource management. In the operations phase, 
integrating building technologies and data analytics plays 
a crucial role in optimising maintenance, energy usage 
and overall facility management. This promotes 
sustainability and cost effectiveness. 
The widespread use of various devices and networks, 
along with their technological interactions, results in the 
creation of extensive data trails with considerable 
consequences. Data are under constant revision and 
extension or transformation and do not only concern the 
individual who provided the data or about whom the data 
is, but also other stakeholders that might have different 
interpretations of the data (Hornung et al., 2015).  
Considering the dynamic nature of the construction sector 
and its growing reliance on substantial data sets, it 
becomes crucial to delve into the study of Human-Data 
Interaction (HDI), particularly in the construction 
informatics domain. The aim of this paper is to make 

progress towards establishing a theory of HDI to underpin 
subsequent research into construction informatics. 
HDI described as interdisciplinary encompassing “data 
visualization, user interface design, and interaction as 
well as psychology, behavioral science, and human 
cognition” (Widjojo et al., 2017, p. 3). In this paper, we 
uncover some of these aspects through investigations into 
HDI across the built environment (BE). In the next 
section, HDI is positioned in the context of its evolution 
from HCI and offer an understanding of the role of data in 
the construction sector. The methodology describes how 
the study was conducted and is followed by the findings 
of a literature review on HDI across several technologies 
and concepts in the BE. Analysis of the identifies potential 
elements that could contribute to development of a theory 
of HDI for the BE leading to a roadmap to support 
development of such a theory. The paper end with a 
discussion and conclusions.  

From Human-Computer Interaction (HCI) 
to Human-Data Interaction (HDI) 
Human-Computer Interaction (HCI) has been a 
cornerstone in our interaction with technology, focusing 
on the design and use of computer technology alongside 
the interactions between humans and computers (Dix, 
2017). HCI's evolution has shifted from viewing 
computers merely as devices to a complex understanding 
of these interactions (Grudin, 1990), encompassing 
psychology (Card, 2018), hardware, software, interface, 
and even deeper organisational aspects. This expanded 
view transcends the simple operator-hardware 
relationship, leading to a more in-depth exploration of 
user-computer system interrelationships, particularly as 
systems become more integrated within organisations 
(Bowers and Rodden, 1993).  
An emerging dynamic ecosystem, marked by both 
collaborative and competitive interactions, revolves 
around data creation and usage by individuals (Brown, 
2013). This dynamic ecosystem along with advanced 
machine learning (ML) and artificial intelligence (AI) has 
initiated a transition towards HDI (Crabtree and Mortier, 
2015). Unlike HCI, HDI focuses on the interaction 
between humans and data, moving beyond traditional 
interfaces. HDI's realm extends to the subtle and often 
passive engagement of individuals with complex 
infrastructures that are typically misunderstood or ignored 
(Haddadi et al., 2013). Although the concept of data is 
nebulous (as will be discussed below), it is arguably less 
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important than the elements of human interaction. HDI 
views data as a boundary object, open to diverse 
interpretations and relevant to a broad spectrum of 
stakeholders, including those it concerns, collectors, legal 
custodians, and users (Mortier et al., 2015). The challenge 
of HDI lies not just in usable (“user-friendly”) interfaces 
but in making complex data comprehensible, actionable, 
and ethically managed. Its core themes include Legibility, 
Agency, and Negotiability. Legibility aims to make data 
and algorithms transparent and understandable, balancing 
intellectual property protection. Agency empowers 
individuals to manage their data, including opting in or 
out, without necessitating constant engagement but 
offering the choice for those interested or concerned. 
Negotiability addresses the evolving perceptions and 
relationships around data, societal responses, social 
norms, legal frameworks, and the ambiguity in data's 
subject and meaning (Mortier et al., 2015).  
As the era of big data in the construction sector 
progresses, HDI's themes become more pertinent, 
signifying a shift from mere interaction with technologies 
(e.g., BIM, IoT, Digital Twins, etc.) to a deeper 
engagement with data and its implications. 

What is data and where is it produced in the 
construction sector?  
According to the Mirriam-Webster (2023) dictionary, data 
is “factual information (such as measurements or 
statistics) used as a basis for reasoning, discussion, or 
calculation”, “information in digital form that can be 
transmitted or processed”, and “information output by a 
sensing device or organ that includes both useful and 
irrelevant or redundant information and must be 
processed to be meaningful”. 
The definition in data science might be extended beyond 
the use of data, as a data application acquires its value 
from data and produces more data as a result (Loukides, 
2011). The meaning is that data do not only function as 
input in data driven applications or services but also 
outputs data that need to be processed or transmitted. On 
the other hand, big data can be defined as an overall term 
for a “complex and substantial collection of data, which 
needs advanced engineering strategies and analytics 
systems to process, store and manage” (Li et al., 2023). 
Big data includes a data transformation flow and is 
produced in the construction sector from sites and 
procedures within the entire construction process, 
consisting of modelling, designing, planning, scheduling, 
and management. Big data in construction, therefore, has 
different sources such as BIM as a main source of data 
supporting planning, design, building and operation (Li et 
al., 2023), in addition to sensors and embedded devices, 
operational and maintenance data including text, audio, 
video and more (Bilal et al., 2016; Li et al., 2023). In this 
context, there is a role of project participants in data input, 
acquisition, modification, and integration of information 
leading to information exchange as well as integration (Li 
et al., 2023). Furthermore, construction digital twin is 
distinguished from BIM because of its connection to the 
physical twin and updates when the physical one changes 

throughout the process (Sacks et al., 2020). The digital 
twin would allow for ‘data centric’ construction 
management with a flow of information between the 
physical and virtual models in a cycle of Plan-Do-Check-
Act where ‘check’ marks the significant difference with 
current construction control if the data can be capably 
interpreted and automatically produce accurate and 
comprehensive information (Sacks et al., 2020). So, data 
function in a process of input, processing, output in a flow 
of various types of information in constant interaction 
with the human at any point of any process. 

Methodology 
This inductive study conducted a literature review of HDI 
across several themes related to the BE and the focus of 
the HDI Committee of the European Council on 
Computing in Construction (EC3). The framework under 
which the literature review was conducted stemmed from 
the mission of the HDI Committee (EC3, n.d.) across the 
three research perspectives in Figure 1. This is devised to 
avoid the risk of developing an unordered and incomplete 
list of research directions omitting important areas.  

Figure 1: Factors of the HDI Committee Mission 

Literature specific to the concept of HDI and the six 
themes of blockchain; machine learning (ML) and deep 
learning (DL); robotics for industrialised construction; 
sensored construction sites; smart buildings; and virtual 
reality (VR) and augmented reality (AR) were reviewed. 
These themes follow the topics of the HDI Committee’s 
seminal white paper (Kassem and Kifokeris, forthcoming) 
as key considerations for the BE. We acknowledge these 
themes are not exhaustive to the concept of HDI in the 
BE, however, they provide a springboard from which to 
commence discussions on development a theory of HDI 
for the BE. The purpose of the review was to identify 
similarities across these themes that could begin to form a 
working theory for HDI in the BE and specifically 
computer informatics. Inclusion criteria included papers 
considering the factors above with a particular focus on 
users, their behaviour, their interaction with data, and the 
testing and/or development of technology that integrates 
both user data and humans. The findings of the study were 
consolidated to propose key elements for consideration 
when developing a theory of HDI in the BE and are 
supported by a roadmap to support achieving that theory.  

Literature review 
This section presents the literature reviewed across the six 
themes and is followed by Figure 2 showing the HDI 
research perspectives across each theme. The themes are 
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ordered alphabetically with no one theme having more importance  over  another.   Literature  on  each  of  these 

Figure 2: Literature considered against the framework of HDI research perspectives 

themes with a specific focus on HDI is limited within and 
outwith the BE. That which is present has been carefully 
selected and reviewed to highlight the components that 
could be relevant to overarching HDI theory in the BE. 

Blockchain 
Blockchain was established as a technology to challenge 
capitalist power structures that have existed for many 
years (Ekblaw et al., 2016). Research has demonstrated 
its potential to challenge many economic structures, 
business models, operations and much more. For the BE, 
and particularly the construction sector, the focus of 
research generally is heavily rooted in data and how they 
can be leveraged to make efficiencies and increase 
productivity whilst still maintaining an advantage over 
competitors (Li and Kassem, 2021). Such capitalist 
systems have resulted in challenges including predatory 

business models (e.g., underbidding for projects, using 
projects funds for cashflow), the justification of 
competitive advantage to limit information sharing, and a 
general lack of trust between contracting parties (Li and 
Kassem, 2021). Combined with new insights gained from 
[big] data, a new level of exploitation of individual actors 
from such actions drove enactment of the General Data 
Protection Regulation (GDPR) and highlighted the need 
to rethink companies’ collection and use of data. 
Blockchain is presented as a way to support this 
rethinking, particularly from a Web3 perspective where 
focus is on giving agency back to the individual.  
Lockwood’s (2021a; 2021b) research focuses on self-
sovereign identify (SSI) as an inevitable aspect of Web3. 
Privacy and its importance in society is central to the 
discussion and understanding that centralisation removes 
agency of personal data. The solution focuses on agency, 
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legibility and negotiability, and the principles for an SSI 
technology: existence of the user; control and access by 
the user; transparency within the system; persistence of 
identities; portability of information and services about 
the data; interoperability to ensure wide usability; consent 
from users to use their identity; minimalization of 
disclosure of claims; and protection of users’ rights. From 
a trust perspective, Becherer et al. (2020) present an 
exploration of human data engineering (HDE) for 
operational risk management with blockchain. Human-
centred design of a blockchain-based system generates 
trust between it and humans. Public key infrastructure 
(PKI) is used to manage data centrally. While this goes 
against the decentralised nature of blockchain, its key 
HDI considerations put trust and human-centricity at the 
centre of the big data-designed system.  
Specific to construction, Calvetti et al. (2021) address 
HDI for sensored construction sites (SCS) proposing the 
use of blockchain to facilitate data in contractual 
arrangements by investigating the perceptions of HDI and 
SCS. A use case enhances the relationships between 
workers, sensing technologies, performance, systems and 
methodologies, human factors, and on-site conditions 
where data are collected about the individual. Standards 
of transparency between workers and companies of data 
collection is raised as a result of implementing their 
proposed HDI information process. Li et al. (2019) 
proposed a socio-technical framework encompassing 
dimensions of technology, process, policy and society that 
gives consideration to the users of the system and the 
interactions they have with the technology to achieve the 
desired outputs and benefits. Finally, Hunhevicz et al. 
(2021) and Wang et al. (2022) present an alternative to the 
current model of ownership of assets shifting it away from 
the human (or organisation) to the asset. no1s1 (no one’s 
one) is a prototype for self-owning assets facilitated by a 
decentralised autonomous organisation (DAO) that 
increase cooperation and coordination between 
transacting parties whilst removing profit-seeking 
intermediaries returning some agency to the individual. 

Machine Learning (ML) and Deep Learning (DL) 
Much of AI subfields function by studying data and 
making decisions such as ML, computer vision, 
optimisation, and knowledge-based systems (Abioye et 
al., 2021). AI has been gradually advancing in the 
construction sector with different aspects including health 
and safety, BIM, supply chain management and other 
(Abioye et al., 2021). The subfields of AI can vary but 
they share one characteristic of being dependent on input 
data and result in output data whether this output is a 
prediction, a recommendation, or an automatic procedure 
(Allen, 2020). Human-in-the-loop ML (HITL-ML) is a 
concept situating the human in the process of ML in terms 
of the human’s role in developing an AI system which is 
determined by the level of control humans and machines 
have in the learning process, in explaining the outcome to 
humans, and in the usability and usefulness of AI systems 
(Mosqueira-Rey et al. 2023). An HDI theory should 
explicit the relationship of its principles between the 

human and the data at any point where interaction takes 
place.  
Urquhart et al. (2019) focused on how inhabitants interact 
with their buildings that adapt with the environment and 
its inhabitants through a series of IoT devices integrated 
with ML or DL technologies. The analysis discusses the 
challenges of adaptive architecture in dimensions of 
physical and information security, establishing 
responsibility, rights over personal data, sensitivity of 
visible emotions and bodies, and continuous monitoring. 
From a user perspective, Schia et al. (2019) presented an 
AI scheduling system at an early stage of implementation 
and conducted interviews about the system and compared 
it to other well-implemented digital tools. Interviewees 
with low AI knowledge working in construction projects 
indicated that trust in AI is conditioned by knowing the 
AI is based on the right dataset of BIM, and visualisation 
of why and how the output was made will help 
understanding of causality and trust. Moreover, AI 
technology and other digitalised applications are 
successfully used when they fulfil maturity in terms of 
technology, process, and culture. Hanafy (2023) 
investigated the use of general-purpose technology text-
to-image generative AI images was used for architecture. 
The interaction of the user with the AI system showed that 
there is a behaviour of refinement as the user did not opt 
to create the perfect query from the start but built the best 
one by choosing the best version of adding extra terms. 
The study found the most suitable aspect of such a tool to 
be in the early design phase. These tools can be seen as 
augmenting creativity and visualisation within 
architecture. In interior design, the tool has potential to 
allow the user flexibility in design to explore different 
choices which indicates that the users interact with the 
output in a form of judgement and learning.  
Robotics for Industrialised Construction 
In the field of robotics research, Bock (2015) and Sun et 
al. (2023) predicted that the future of construction 
projects will rely on both robotic and human agents 
working together to execute construction-related 
activities. Since the functional operation of robots pivots 
on embedded sets of data within them (i.e., data are their 
lifeblood), human-robot interaction (HRI) can be 
considered a specific instance of HDI. Despite the 
plethora of research efforts on robotics in construction, 
only a limited number of studies could be analysed with 
the goal of distilling a set of specific themes that underlie 
HRI focusing on the human (Fu et al., 2024).  
The psychological and physical safety of human agents in 
HRI has been the focus of three studies. In their 
conceptual study, Sun et al. (2023) reveal HRI could 
result in negative psychological impacts on involved 
human agents including (i) anxiety and acute stress, (ii) 
cognitive load, (iii) negative emotional state, and (iv) 
visual and cognitive distraction. These impacts tend to 
cause increased likelihood of physical accidents, thereby 
impacting the physical safety of human agents. In the 
same vein, Rodrigues et al. (2023) underline the 
importance of understanding HRI to protect health and 
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safety of human agents as well as to create an enhanced 
task environment. Resonating with Sun et al. (2023), the 
authors identify human-related factors that can impact the 
effectiveness of HRI: (i) mental workload, (ii) situation 
awareness, (iii) trust in automation, and (iv) (physical) 
ergonomics. The materialisation of any factor highlighted 
by Sun et al. (2023) and Rodrigues et al. (2023) may 
undermine the perceived benefits of employing robots on 
construction sites. To this effect, Liu et al. (2021) make 
an attempt at reducing the cognitive and mental load 
imposed on human agents involved in HRI. They 
proposed a solution that enables robots to recognize 
psychological signals of human brains with the goal of 
adjusting their robotic performance. Such an adjustment 
is argued to enhance the physical and psychological safety 
of the involved human agents, thereby improving the 
efficiency of human-robot collaboration (HRC). 
Scholarly suggestions to empower human agents over 
robotic agents are evident in two studies. Within the 
context of HRC for modular construction manufacturing 
(MCM), Fu et al., (2024) place emphasis on the impact of 
‘human-in-the-loop collaboration’ concluding that 
involved human agents can take on a range of 
collaborative roles and interact with robotic agents at 
varying levels. These roles and levels depend on a 
combination of factors: requirement of the MCM tasks, 
capacity of robotic agents, and preferences of the human 
agents. The latter alludes to the value of humans in HRC. 
Zhang et al., (2023) illuminate this in a recent review on 
HRC for on-site construction where human agents are 
tasked with working with robots. They suggest designing 
human-led systems for HRI to empower humans to 
control and manipulate robotic agents. 
These studies draw our attention to the importance of 
empowering the human side of the HRI as a proactive 
measure to enhance interaction efficiency. It can be 
inferred that the optimization of HRI as a specific instance 
of HDI relies on human-centric system designs that need 
to take account of four induced factors: psychological 
health, physical safety, explicit human value, and 
empowerment of human agents. These factors can be 
translated into the three HDI principles as: legibility: 
empowerment of human agents; agency: human value and 
empowerment of human agents; negotiability: 
psychological health and physical safety. 

Sensored Construction Sites (SCS) 
Information communication technologies (ICT) such as 
wireless sensors networks, wearables, CCTV, robotics 
and mobile BIM technologies are increasingly adopted on 
construction sites (Rossi et al., 2019). Construction sites 
are challenging environments due to their inherently 
dynamic, complex, and dangerous nature involving 
complex interactions between various parties, each with 
human actors, equipment, and products.  
HDI-relevant studies exist across several areas such as 
safety (e.g., monitoring, compliance, inspection), worker 
ergonomics (e.g., stress, fatigue), productivity 
measurement/monitoring, and activity monitoring/ 
recognition. Common themes include the development 

and evaluation of technologies like computer vision, 
sensor technology, and machine learning for safety and 
compliance monitoring on construction sites. There is a 
notable gap in addressing human-centred aspects. Many 
studies do not document participant feedback, 
assumptions about data ownership, transparency, or 
algorithm bias. Where participant involvement is 
mentioned, it often lacks depth in their perspectives or 
considerations about data matters. Another notable gap is 
the lack of theories produced or used to support the studies 
within this domain. This highlights a significant gap in the 
current research, emphasising the need for more human-
centred approaches than human interactions (e.g., 
consequences/implications/feelings from or when using 
the developed systems, user acceptance), and data matters 
(e.g., ethical use, bias, consent, confidentiality, 
compliance with regulations, etc.).  
While the list of papers reviewed is not exhaustive, the 
trend of insufficient attention to human-centred aspects in 
safety-related research is indicative of a broader issue in 
the field. Indeed, safety is a domain where human-
centricity is expected to be prominent, and the lack of 
depth in addressing HDI aspects in these studies suggests 
a likely widespread gap in the field at large. This trend 
likely reflects a general oversight in the digitalisation of 
construction sites, underscoring the need for more 
comprehensive research that considers HDI, particularly 
in areas as critical as safety. 
Developments in this field will often collect data actively 
or passively, including workforce location, movements, 
gestures, physiological levels, and physical efforts 
(Joshua and Varghese, 2014; Aryal et al., 2017; Park et 
al., 2017; Jebelli et al., 2018; Tang et al., 2020; Kim et 
al., 2021; Shanti et al., 2022). However, distinguishing 
between task analysis and the analysis of the individual 
performing the task is a delicate matter. It is challenging 
to determine which data pertain to the project tasks and 
which data truly reflect the physical and motor abilities of 
the workers themselves (Calvetti et al., 2021). This 
complexity underscores the fine line between 
performance metrics and personal data. 

Smart Buildings 
As technology continues to advance, a growing interest is 
observed for integrating cutting-edge technologies and 
interconnected systems into buildings to enhance their 
efficiency, functionality, and sustainability. These smart 
buildings leverage various sensors, devices, and 
automation to create intelligent and responsive spaces that 
optimize resources, improve occupant comfort, and 
reduce environmental impact. Subsequently, smart 
connected devices and advancements in sensing, 
actuation, and communication bring new modes of 
interaction within the BE across different contexts and 
scales. The most common robust examples that illustrate 
this interaction in smart buildings are interactive systems, 
which require IoT devices to enable occupants to interact 
with the building environment actively. Among these 
systems, automatic climate controllers autonomously 
regulate indoor air temperature, relative humidity, and air 
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quality in a designated BE (Favero et al., 2022; Lee et al., 
2019). Lighting control systems fine-tune the luminous 
environment and ensure the desired illumination level 
(Rossi et al., 2015; Cho et al. 2020) whereas automatic 
window systems respond dynamically by automatically 
opening and closing windows based on fluctuations in 
indoor air temperature, relative humidity, CO2 levels, 
VOC concentrations, as well as PM2.5 and PM10 
particles (Cheng et al., 2016; Kim et al., 2019). Most of 
these systems aim at improving occupant satisfaction, 
perceived service quality and indoor air quality in 
buildings.  
Recent advancements in this domain evolved around user 
experience and user-centric features, such as intuitive or 
guided wayfinding systems, interactive kiosks, and 
personalised environmental controls. For example, Target 
retail stores in the United States installed LED lighting 
systems integrated with Visible Light Communication 
capabilities. Through the coupling of these LEDs with 
Visible Light Positioning and the incorporation of image 
sensors on smartphones, in-store shoppers can navigate in 
the stores via maps and find the locations of specific 
products via the directions sent by the retailer’s app 
(Halper, 2019). The EDGE building in Amsterdam 
exemplifies advanced utilisation of human-building 
interaction (HBI) data to enhance the user experience via 
a seamless integration of individual preferences and real-
time environmental adaptability. For example, occupants 
at EDGE find themselves effortlessly connected through 
an integrated system, with the application aligning with 
their daily agendas and informing the building of their 
arrival. The building's advanced system promptly detects 
incoming vehicles, guiding occupants to designated 
parking areas. Users have access to a diverse range of 
work environments and the system, finely tuned to 
individual preferences, adjusts lighting and temperature 
within these environments to ensure maximum comfort 
and efficiency (Randall, 2015).  
The current state of smart buildings shows that 
incorporating human knowledge, behaviour, needs, and 
preferences into the operational phase is crucial for 
achieving optimal performance in buildings. Even in 
automated buildings where users lack direct control over 
systems, integrating the human dimension through 
feedback mechanisms can enhance perceived control, 
leading to higher satisfaction levels. Therefore, HBI 
emerges as a viable alternative, introducing consensus-
based decision-making for building operations to 
potentially minimize conflicts. It is noteworthy, however, 
that despite endeavours to create ‘smart buildings’, this 
objective remains unattainable without ‘smart users’. 
Users need to be active participants in the building 
ecosystem rather than passive recipients, engaging with 
the data available to them in the most effective manner. 

Virtual Reality (VR) and Augmented Reality (AR) 
With its focus on 3D space on a large scale, the BE is a 
natural application domain for VR and AR, arguably 
comparable to entertainment and tourism. Literature on 
VR/AR within and outwith the BE disciplines presents 

applications to visualise the 3D BE or abstract data which 
is somehow related to the design/construction/ operation 
of buildings but with no natural 3D mapping. Data 
visualisation is often broadly classified into information 
visualisation and scientific visualisation; the former 
focuses on abstract data, whereas the latter deals with 
datasets mapped to space and time.  
In their position paper, Widjojo et al. (2017) define HDI 
in slightly narrower terms than elsewhere in the literature, 
drawing an analogy to HCI, but focusing specifically on 
data. They coin the term Visual Analytics (VA) as the 
integration of human efforts and computation in the 
analysis of data. They argue that VR technology is 
particularly suited to VA as it overcomes the challenge of 
limited display real estate. Coupled with innovative 
interaction design, VR can facilitate the visual analysis of 
complex data, such as high-dimensional and multivariate 
data. The authors highlight the importance of 
understanding human cognition when exploiting it for 
VA. They go on to cite various interaction patterns that 
can inform the design of VR systems for HDI, such as 
selection, manipulation and viewpoint control. In the case 
of 3D spatial data, clearly of interest in the BE, Widjojo 
et al. highlight three components of the immersion 
enabled by VR that are particularly beneficial: head 
tracking, field of regard, and stereoscopic rendering. 
These help enable a sense of presence and spatial 
awareness. The paper culminates with a research agenda 
framed in an abstract way: research on the required 
understanding of a specific data set, and on the VR 
visualisation/interaction functionality that would enable 
this understanding. 
Outside the BE, Alhakamy et al., (2021) study how users 
perceive correlation and causation in numerical data. 
They compare two styles of interacting with the data: 
using gestures and body movements in a large (semi-
immersive) environment versus a joypad, similar to the 
controller used in games. It is reported that participants 
tended to agree more with statements that portray 
correlation and causation in data after using the semi-
immersive system. The conclusions are presented in the 
light of theories of embodied learning/cognition.  
Two applications of VR/AR in the BE seem implicitly to 
address the interaction of humans with data, but without 
explicitly using the term HDI: data for construction safety 
(Schiavi et al., 2022) and data fused from digital and 
physical twins to provide spatial context in a smart city 
(Grübel et al., 2022). The general themes emerging from 
these are that both VR and AR offer benefits for BE 
applications in particular because of the 3D orientation of 
most digital content; VR is used preferentially for office 
uses whereas AR is more often used with tablets and 
mobile devices ‘in the field’; data flow between the 
systems used in design, construction and operation of the 
BE and VR/AR systems remains an issue.  

Potential elements for a theory of HDI in the 
built environment (BE) 
Following a review of the literature, the papers were 
mapped to the framework in Figure 1, as shown in Figure 
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2. Understanding and evaluation focused on what the
studies are trying to achieve from the technologies and
their potential impact on the end-user in the context of
HDI. Development focused on any development of the
technologies to achieve improvements in HDI for the end-
user. Foundation considered any proposed frameworks or
theories specific to HDI that could lead to an
underpinning theory of HDI for the BE that may be
applicable across all technologies and concepts.
Trust appears to be a central facet of a system when 
considering interaction of humans and data. This is 
applicable in terms of human-centred systems as well as 
humans knowing the correct data are being used when 
data-driven decisions are made about or for them without 
human input, especially when related to wellbeing. Game 
theory is considered as a way to encourage engagement 
with data. This relates to empowerment of humans when 
collaborating with technologies (e.g., robots, surveillance 
systems) and moving toward automation that (partially) 
removes human control. Humans are often wary of new 
technologies and can result in an unwillingness to 
collaborate. This links to potential issues of safety of the 
human from both physical and psychosocial perspectives 
when humans work with hardware (e.g., robots, 
wearables) and/or software where concerns may be less 
detectable. Accessibility considers how humans interact 
with data and affects how they make sense of correlation 
and causation of those data. Enhancing understanding of 
data via visualisation can increase accessibility and 
willingness to engage. The three pillars of agency, 
legibility, and negotiability appear across much of the 
literature, though agency appears more than the other two. 
Acknowledgement and inclusion of these pillars could be 
as a result of research offered by Mortier et al. (2015) 
representing seminal work in the field and offering 
empirical contributions to the term.  

Discussion and conclusions 
With the pervasive nature of technology and the 
increasing volume of data produced and then used to drive 
decision-making in the BE, consideration is required in 
terms of how humans interact with data, at which levels 
this takes place, and for what purposes those data are used. 
Analysis of literature on the theme of HDI sees the 
emergence of key issues requiring further attention before 
a theory of HDI for the BE can be conceived. Of the 
technological themes and concepts evaluated (blockchain; 
ML and DL; robotics for industrialised construction; 
sensored construction sites; smart buildings; and VR and 
AR), there are some interesting elements that can begin to 
form the basis of such underpinning theory including 
trust, human empowerment and control, safety, 
accessibility and understanding of data, and of course 
agency, legibility and negotiability. However, we are at 
the beginning of the journey to propose a robust theory for 
HDI as highlighted by the literature and the many gaps 
that exist when analysed against a framework of HDI 
research perspectives spanning i) understanding and 
evaluation (end user-oriented), ii) development 
(technology-oriented), and iii) foundation (theory 

building-oriented). It seems that research has a grasp of 
understanding and evaluation in terms of the HDI benefits 
a system or concept is attempting to do for humans, but 
developments in technology that specifically consider and 
integrate HDI concepts and foundations to support theory 
building are somewhat lacking. Also missing across the 
literature is acknowledgement of education, policy and 
standardisation that would have implications for HDI, and 
consideration of the Digital Services Act. 
Encapsulating the induced human-driven considerations 
in a theory will likely extend our understanding of HDI 
within the context of the analysed technologies and 
concepts. As an initial step toward building such a theory, 
future work is proposed as follows: 1) broaden the 
analysis of literature that considers elements of HDI, 
whether or not so-called, to further understand the 
challenges of HDI and the extent to which current 
technological systems and concepts address issues of HDI 
within and outwith the BE; 2) establish the array of 
purposes for which data are collected and/or used by 
technologies in the BE, for example, to make decisions on 
behalf of humans or to influence human behaviour, that 
will enhance our understanding of the true implications of 
humans’ interaction with data; 3) survey individuals and 
organisations about production, collection, processing 
and storage of data to achieve such purposes as identified 
in 2) to identify the benefits, challenges and areas 
requiring attention in future studies; 4) consider the 
education, policy and standardisation aspects surrounding 
HDI; and 5) evaluate any emerging theory against 
technologies and concepts such as those in this paper and 
beyond (e.g., BIM, IoT, GIS) to establish its robustness 
and suitability for computer informatics in the BE.  
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Abstract 

Despite intensive research efforts in developing 
automated compliance checking (ACC) systems for 
improved health and safety (H&S) outcomes, existing 
research has mainly focused on the technical aspects and 
the building sector, whilst research focusing on the social 
and organisational aspects of ACC in the infrastructure 
sector is lacking. To address this gap, this study used a 
case study to explore the issues and readiness to 
implement ACC in H&S in a design organisation in the 
UK’s infrastructure sector. The findings show there is low 
readiness with issues in four main aspects, where 
suggestions were proposed. This research contributes to 
the body of knowledge by identifying the gaps and 
proposing ways to achieve better readiness for 
implementing ACC in design organisations in the UK’s 
infrastructure sector.  

Introduction 

The architectural, construction and engineering (AEC) 
industry is widely exposed to numerous health and safety 
(H&S) concerns (Anwer et al., 2021). Fatalities in the 
AEC industry are significantly higher than the all-industry 
rate in the UK. H&S concerns are especially prominent in 
infrastructure projects that are complex, dynamic and 
involve many workers and plant on site (Alhammadi et 
al., 2022).  
In the design stage, safety by design has proven to play a 
key role in achieving better H&S outcomes in 
infrastructure projects by identifying H&S hazards during 
the design stage (Hardison and Hallowell, 2019). With the 
technological advancement in the AEC industry, there 
have been many digital tools developed to improve the 
industry’s H&S performance, including knowledge-based 
systems, hazard visualisation, safety training, and 
automated compliance checking (ACC) systems. 
Among these developments, ACC systems dealt with 
compulsory regulatory requirements and have shown 
promising results in improved H&S compliance (Zhang et 
al., 2013a). Despite some existing ACC research for H&S 
management that mainly focused on the technical aspect, 
little is known regarding the social and organisational 
aspects of implementing such ACC systems, which 
focuses on the readiness of ACC adoption, and inter- and 
intra-organisational factors affecting such readiness. To 

address this research gap, this study aims to explore the 
ACC situation in H&S aspects in the UK’s infrastructure 
sector, using a design consultancy organisation as an 
example. Specifically, the objectives are to identify the 
gaps and issues, and evaluate the readiness of ACC for 
H&S at a design consultancy organisation in the UK’s 
infrastructure sector and propose some potential 
improvements. As part of an ongoing project, this paper 
will outline the initial findings about the current situation, 
readiness and gaps in implementing ACC in H&S aspects 
in the UK’s infrastructure sector. 
The remainder of the paper is structured as follows. The 
next section presents the literature review related to the 
research objectives. The third section details the 
methodology used in this paper. Next, the results and 
findings are presented. The fifth section discusses the 
results. The last section concludes this paper with remarks 
for future work. 

Literature review 

Digitalisation in the construction industry 

Digitalisation is the gradual process of widespread 
adoption of digital technologies to generate new revenue 
streams or to improve the value-generation capacity of 
existing business workflows (Bajpai and Misra, 2022). 
With the advent of the “digital revolution”, digital 
transformation has been one of the key trends in 
businesses over the last few decades. In the AEC industry, 
digitalisation is also seen as one of the primary means to 
improve the industry’s overall value delivery 
performance, and eventually “modernise” construction by 
today’s standards.  
With external factors such as changing market 
requirements, technological advancements, decreasing 
hardware and software costs, increasing complexity of 
projects, a new generation of digitally adept workforce, 
growth of start-ups, supportive and demanding trends 
(e.g., digital mandates) induced by governments, 
policymakers and clients, digitalisation in construction is 
progressing at a pace. This is also due to internal drivers 
such as the strategic rhetoric for digital transformation to 
be the main solution for inefficiencies, increased 
profitability expectations with efficiencies gained through 
digitalisation and building a “modern” company image. 
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To this end, several factors and adoption frameworks for 
digitalisation have been outlined in the literature. Many 
studies of technology adoption in construction use 
theories drawn from the established body of knowledge in 
information systems. The digitalisation adoption process 
has been studied from a socio-technical, organisational 
and psychological (individual) perspective (Sepasgozar et 
al., 2016). For construction organisations, among the 
many factors affecting digitalisation, external factors 
(e.g., legislation and regulation, mandates, and pressure 
from clients and competitors, market demand, and 
standards and specifications) (Aghimien et al., 2022; Liu 
et al., 2023) are important. Also, organisational factors 
(e.g., organisational culture, structure, leadership, and 
internal processes) (Zulu et al., 2023) are pivotal. Finally, 
availability of resources (human resources, hardware and 
software, organisational knowledge and experience, 
integration of different systems and platforms across the 
supply chain, standardisation of data, systems, and 
workflows) (Li et al., 2018) come to fore. 

Automated compliance checking 

ACC has been an area attracting global research interests 
and commercial development efforts for more than 60 
years. In the ACC literature, most research efforts focused 
on technical aspects, including two main themes: target 
design model and rule representation.   
Research on the target design model topic mainly focused 
on developing various lightweight data schema or data 
retrieval or query methods to extract useful data from the 
design model due to the difficulty of data exchange and 
filtration for ACC tasks. Examples include using graph 
databases to represent design information (Ismail et al., 
2017a). Nevertheless, efficient retrieving and querying 
BIM model data remains a challenge. Methods that enable 
spatial query of Industry Foundation Classes (IFC) data 
are especially scarce.  
Rule representation methods aim to represent building 
rules in a machine-readable form by interpreting and 
capturing rules. Early research developed decision tables, 
object-oriented and logic-based representations (Yabuki 
and Law, 1993; Fenves et al., 1995; Han et al., 1998).  
More recently, researchers have proposed domain-
specific languages to represent building requirements, 
including text-based languages (Lee et al., 2015; Sydora 
and Stroulia, 2020) and visual programming languages 
(Preidel and Borrmann, 2016; Kim et al., 2019). They 
both aimed to develop easy-to-use methods for domain 
experts to write codes that represent building 
requirements. Other researchers focused on semantic web 
technology-based methods, which used query or rule 
languages such as SPARQL (Jiang et al., 2022) or SWRL 
(Beach et al., 2015) to represent building rules. 
Nonetheless, most existing rule representations are not 
able to capture the full meaning of the building rules and 
the rule interpretation process still relies on some manual 
efforts (Zhang et al., 2023b). 

Several studies have focused on rule classification and 
organisation to support rule representation. Solihin and 
Eastman (2015) classified building requirements into four 
classes based on their computational complexity. Zhang 
et al. (2022) proposed a more comprehensive four-criteria 
(i.e., semantic constructs, intensity, self-contained or 
linked explanatory, prescriptive or performance-based) 
classification to categorise building rules. 
The recent advancements in natural language processing 
(NLP) and machine learning (ML) have made full 
automation of compliance checking possible. Zhang and 
El-Gohary (2017) used NLP techniques to automatically 
generate a logical representation of the building codes. 
Nisbet et al. (2023a) proposed a rule-based approach 
using RASE to automatically generate SPARQL queries 
for rule representation. Nevertheless, ACC based on NLP 
methods has not yet achieved 100% accuracy. Extra 
efforts are still required to review and check the results. 
Also, many methods can only deal with quantitative rules. 
There have also been several studies assessing ACC 
implementation readiness and efficiency. For example, 
Beach et al. (2020) used questionnaire surveys to 
understand the obstacles of adopting ACC in the UK. 
Results showed that the top three challenges are: shared 
open standards for regulation clauses are lacking, no tool 
can be used for complete pre-submission checks, and 
difficulties of making brief and regulatory requirements 
contractually enforceable. They also provided a roadmap 
based on interviews with experts, highlighting that 1) 
there have been some interest in ACC adoption from the 
UK government and government commitment would be 
crucial; 2)ACC checking results should be used with 
expert review; and 3)ACC may be more suitable to be 
used for conventional projects instead of multi-use, 
complex ones. Zou et al. (2022) conducted a case study to 
assess New Zealand’s offsite manufacturing industry’s 
readiness for ACC implementation. They suggested that 
improving readiness of ACC requires assessing ACC 
systems in different scenarios, further improving 
technical maturity and promoting education and training. 
Their later research captured lessons learned from the 
implementation of ACC globally (Zou et al., 2023), which 
highlighted the relatively low readiness for ACC adoption 
and the importance of governments’ role in promoting 
ACC adoption. 

Automated compliance checking for health & safety 

management 

There have not been many research efforts on using ACC 
for H&S regulations. One of the earliest ones were  Zhang 
et al. (2013a) and Zhang et al. (2013b), where rule sets for 
ACC against Occupational Safety and Health 
Administration (OSHA) regulations were developed 
(Occupational Safety and Health Administration, 2023) 
based on existing safety in design best practices. These 
two studies selected geometry-related rule sets, such as 
workways and egress rule sets. Geometrical attributes 
were used for compliance checking, including the 
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dimensions of holes in slabs and openings in walls. 
Similarly, Qi et al. (2014) developed rule sets for fall 
protection using both Solibri Model Checker (Solibri, 
2024) and BIM Server as model-checking platforms. 
More recently, a study by Getuli et al. (2017) used 
parametric tables to represent Italian Construction H&S 
normative texts.  
The literature shows that the studies regarding ACC for 
H&S regulations are limited, and they have mainly 
focused on the technical aspects. To the best of the 
authors’ knowledge, there has been no practical 
implementation of the developed ACC systems on H&S 
aspects in the AEC industry. Especially, there has been no 
substantial research on ACC with respect to the 
Construction (Design and Management) Regulations 
2015 (CDM), which are important H&S regulations in the 
UK’s infrastructure sector and particularly no research on 
this from a social and organisational perspective.  

ACC affecting parameters and success factors 

Drawing on insights from prior scholars, the effectiveness 
of ACC for H&S regulations is subject to key factors. 
Kamara et al. (2002) highlighted “effective knowledge 
representation” as a crucial element, the need for 
standardised approaches, minimising inconsistencies, and 
fostering interoperability. Emphasising the importance of 
“oversight for performance-based criteria”, Amor and 
Dimyadi (2021) stressed clear guidelines and human 
expert involvement to reduce subjectivity in H&S 
compliance assessments. This is echoed by Zhang et al. 
(2023a), where the importance of interpreting ambiguous 
clauses correctly was highlighted.  Fuchs and Amor 
(2021) highlighted the challenge of “accuracy in 
information classification”, suggesting the importance of 
mapping criteria against information models in ACC. 
Advocating for “adaptable information modelling 
approaches”, Ismail et al. (2017b) and Nawari (2019) 
suggested fostering interoperability and collaboration in 
diverse construction projects. In addition, ensuring the 
“accurate generation of BIM data” is emphasised by 
Ismail et al. (2017b), who also suggest robust quality 
control should be involved to reinforce reliability in H&S 
compliance assessments. Beach et al. (2020) underscored 
the “quality and transparency of compliance 
information”, urging advanced techniques in NLP and 
ML for ACC. Streamlining “quality assurance and control 
processes”, as identified by multiple scholars, is another 
success factor for ACC. The process must involve 
strategic approaches to balance process validation and 
practical implementation, thereby enhancing the overall 
H&S compliance assessment (Beach et al., 2020; Amor 
and Dimyadi, 2021). Addressing these factors collectively 
can elevate the reliability, efficiency, and overall 
effectiveness of ACC systems tailored for H&S 
regulations. 

Methodology 

In this paper, the authors adopted a qualitative approach. 
An exploratory case study method was used to explore 

and gain a deeper understanding of the current issues and 
requirements of automated H&S regulatory compliance in 
the infrastructure sector. The exploratory case study 
method is suitable for this study as it allows more in-depth 
understanding of a scarcely researched topic in its own 
context (Yin, 2009). It also allows collecting and 
analysing both primary (interviews, questionnaire 
surveys) and secondary data (documents) (Eriksson and 
Nilsson, 2008; Zuo et al., 2013), which is the case for this 
study.  
To achieve the research objectives, the authors targeted 
one organisation to 1) have a snapshot of the current 
issues, gaps and requirements in digital H&S management 
in the infrastructure sector, and 2) gain a more in-depth 
understanding of their digital H&S management 
processes and assess their readiness for ACC in H&S 
aspects. This organisation is a large multi-national design 
consultancy in the UK’s infrastructure sector, which 
usually takes principal designer and designer duties as 
specified in the CDM regulations.  
Primary and secondary data was collected, including data 
collected from a 5-month observation while working 
within the organisation and 50 questionnaire surveys 
answered by project managers (PMs) (or other senior 
employees working on 21 small- medium- or large-sized 
projects). Five individual interviews with CDM designer 
managers were also conducted to complement the data 
gathered from the questionnaires. In addition, one design 
risk management schedule (DRMS) and one H&S 
compliance audit document were collected for review.  
All collected data was then analysed using thematic 
analysis to elicit the emerging themes. The thematic 
analysis process generally includes 6 steps, namely data 
familiarisation, coding, generating themes, reviewing 
themes, defining and naming themes and writing up 
(Braun and Clarke, 2006). The next section presents the 
results and findings. 
Results 

Based on the data analysis, the authors found that overall, 
some gaps exist in implementing ACC in the H&S aspects 
of the UK’s infrastructure sector and some existing issues 
need to be addressed before ACC is ready to be 
implemented. This section first presents the general H&S 
management process of the organisation, followed by four 
themes that emerged from the collected data, namely 
regulation, technology, human factors and culture, and 
external environment aspects, as presented in Table 1 and 
detailed below.  

General Design Risk Management Process 

As a design organisation, the most important H&S 
management processes are those relating to the design risk 
management (DRM) process. In the organisation, the 
DRM processes generally include obtaining relevant pre-
construction information, identification of constraints, 
production of a DRM schedule (DRMS) to identify hazard 
and risk levels, developing mitigations with an emphasis 
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on hazard elimination or reduction, reviewing the DRMS, 
and handing over the residual risks register to the principal 
contractor. To facilitate the implementation of the DRM 
processes, there are some organisational-level guidance 
documents available, which are applicable to all projects 
regardless of sub-sector (e.g., highways, water) or project 
size. Some documents need updating, resulting in partial 
implementation and some fragmentation of processes on 
some projects. Based on the observation, how well the 
process is followed in practice and whether the actual 
processes comply with the CDM regulations mainly 
depends on the quality of DRM (the risks identified, 
proposed mitigations, whether the risk levels are 
addressed) and the process of reviewing DRMS. The 
DRMS is typically reviewed at an Integrated Design 
Review (IDR) with the CDM principal designer manager, 
Design Manager and design discipline leads. As such, the 
DRM processes heavily rely on DRM experts’ 
competency (e.g., skills, experience, and knowledge). 
Although several lessons learned workshops are held 
periodically, more workshops would capture more tacit 
knowledge of the experts to assist the development of a 
unified and comprehensive digital CDM compliance 
checking tool, which will complement the current DRM 
system. 

Table 1: Main themes and subthemes emerged 

Themes Sub-themes 
Regulation Understanding and interpretation of 

regulations 
Metrics for assessing compliance against 
regulations 

Technology Awareness of ACC and the required 
technical capabilities 
Related digital systems and technical 
capabilities 
Data availability for ACC 

Human 
factors and 
culture 

Competency and upskilling of 
employees (CDM duty holders) 
Standardisation for risk mitigation 
methods and severity ratings at an 
organisational level 
Culture and behaviour changes in safety 
by design and CDM compliance 
Awareness of digital technology and 
tools 

External 
environment 

External initiatives from government 
bodies and client organisations 

Regulation Aspects 

A good understanding of the CDM regulations is 
imperative in achieving CDM compliance. From the 
interview and questionnaire survey responses, staff within 
the design team have various levels of knowledge, 
experience and understanding of the CDM regulations. 

Employees who specialise in the CDM and DRM (e.g., 
CDM principal designer managers) have excellent 
knowledge, while some other designers only have a basic 
understanding of CDM regulations. It was also observed 
that some ambiguous expressions in the CDM clauses 
lead to differences in understanding and interpretation of 
the regulations.  

A similar issue is that as the CDM regulations are 
performance-based and not very descriptive in nature, it 
is difficult to produce specific metrics that directly assess 
CDM compliance. Ideally, detailed metrics would help 
the design team understand what specific measures or 
aspects of hazard mitigation to pay attention to. This 
resonates with the suggestion by Amor and Dimyadi 
(2021) on providing clear guidelines. The current CDM 
Compliance Audit form refers to the general clauses 
provided in the CDM regulations, such as “ensure the 
client makes suitable arrangements for managing a 
project”, which renders the interpretation subjective based 
on the auditor’s experience. However, this subjectivity is 
alleviated as the CDM Compliance Audit makes reference 
to the check sheets in DRMS as evidence.  

As such, first, for organisations adopting a similar 
approach, improving the granularity of their compliance 
audit forms will better support their ACC efforts by 
reducing the potential subjectivity in assessment. Second, 
improving the metrics and providing detailed duty 
definitions for the requirements to ensure standardisation 
in practice will be useful.  

Technology Aspects 

Generally, the technology for the key tasks of ACC (i.e., 
data retrieval from and semantic enrichment of BIM 
models, knowledge representation and natural language 
processing) is relatively mature, although no system has 
achieved ACC fully automatically. Within the 
organisation, although there are existing expert systems 
for H&S management, no ACC system or similar is 
currently in use. In addition, employees across the design 
delivery workstreams are not familiar with ACC nor the 
underlying technologies of ACC. Apart from several 
experts, they also lack awareness regarding what can be 
achieved using ACC and what level of automation can be 
achieved based on the organisation’s current 
technological capabilities.  

In addition, the questionnaire responses show that three 
main methods for H&S management on projects exist, 
with different levels of digital implementation and 
technical capabilities. These methods include 1) A 
spreadsheet based DRMS; 2) A spreadsheet based DRMS 
linked to hazard triangles on drawings with reference 
number; and 3) A GIS-driven digital CDM system, where 
the spreadsheet-based DRMS can be imported or 
exported. All three methods can be used on various sizes 
of projects, while the third method is mainly used on large 
projects. Technical skills and experience in developing 
digital DRM systems may be helpful for developing an 
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ACC system, as there are similar elements (such as 
functionalities for manipulating BIM information). Some 
of the data required for ACC may also be available in the 
DRM systems. Currently, new processes are in 
development across the organisation to cater for different 
project sizes.  

Nevertheless, data availability seems to be an issue in 
automating CDM compliance checking. Although all 
projects must be CDM compliant, data required for ACC 
is stored across several standard forms used on the 
projects which are not directly linked. This makes it less 
efficient to demonstrate compliance, especially when 
considering the lack of definition and ambiguous nature 
of some of the clauses. Despite being complex to acquire, 
high quality data is crucial for successful implementation 
of ACC, as suggested by Ismail et al. (2017b). 

Human Factors and Culture Aspects 

DRM is an essential part of achieving CDM compliance. 
It requires competent CDM duty holders to make 
endeavors to finish the tasks to a high quality. From the 
interviews with designers and CDM managers and the 
authors’ observations, the current situation and gaps are 
summarised, as follows.  

First, some more junior members of staff may face 
challenges in fulfilling their tasks due to potential gaps in 
skills, experience, and/or knowledge. For instance, 
designers might encounter difficulty in identifying all 
risks or suggesting appropriate mitigation methods. This 
suggests a need for more support and efforts for training 
and upskilling some of the duty holders involved. There 
can also be inefficiencies in determining the competency 
of employees when appointing competent duty holders. It 
was noted that a new digital competency system had been 
developed to improve recording of the skills, experience 
and knowledge of employees which will improve the 
efficiency of the project personnel selection process. 

Second, at a national and organisational level, the 
standardisation for risk mitigation methods and severity 
ratings for different risks should be improved. Various 
designers have employed diverse severity and mitigation 
approaches. This presents a challenge in compliance 
verification, particularly when considering automated 
checks. It was noted that work to address this matter is 
being championed by the organisation at a company and 
national level. 

Third, it was observed that some designers tend to see the 
CDM compliance as mostly a safety related matter and do 
not fully understand the health implications engendered 
by construction work. There needs to be a cultural change 
at a national level to truly embracing the benefits of 
improving health and safety by design. 

Fourth, there have been varied awareness and 
expectations of digital tools in H&S. Some have high 
expectations of such tools, thinking their functionality 
will be so powerful that most requests can be achieved. 

Others, however, are more skeptical about digital tools, 
arguing that the results produced by digital systems may 
not always be reliable and must be reviewed by experts. 
Regarding their expectations for ACC, they expect ACC 
systems to not only check compliance but also highlight 
where the non-compliance lies and suggest how to 
achieve compliance. In addition, Some CDM experts 
expressed their concerns regarding the use of digital 
technologies in CDM compliance, as such automation 
may result in the future generation of designers lacking 
basic knowledge regarding H&S risk identification and 
mitigation. 

External Environment Aspects 

There has been increasing support from the UK 
government in digitalisation generally and the H&S 
aspects in the construction industry specifically. The UK 
government published a new digital strategy in 2022, 
which set out the visions and continuous support the 
government will provide. The Health and Safety 
Executive (HSE) has established the Discovering Safety 
programme, where there have been a handful of projects 
focusing on improving H&S performance in the 
construction industry (Health and Safety Executive, 
2023a). Fundings were provided for H&S technology 
companies to develop novel solutions via the Industrial 
Safetytech Regulatory Sandbox. Recently, there has been 
further funding secured for the HSE’s Regulatory 
Technology sandbox to demonstrate use cases of ACC 
and help innovators bring new ACC products to market 
(Health and Safety Executive, 2023b). The HSE also 
recently commissioned ACC experts in the UK to deliver 
an ACC workshop for regulators, showing their great 
interest in ACC and their aspirations in achieving ACC.  

There are also various initiatives driven by large client 
organisations in the UK’s infrastructure sector, such as 
National Highways’ Digital Roads 2025 initiative. They 
work with various industrial and academic partners to 
improve outcomes in the whole life cycle of their projects. 
In H&S aspects, this initiative aimed to achieve enhanced 
onsite safety using data and digital tools, reducing 
fatalities and proactively managing risk by the end of 
2023. This highlights National Highways’ commitment to 
future digitalisation in construction H&S.  

Overall, the favourable external environment provides 
great opportunities for developing tools or systems for 
automated CDM regulatory compliance and client or 
internal process compliance.  

Discussion 

The results and findings of this research highlighted the 
current lack of readiness for developing and 
implementing ACC systems in H&S aspects in design 
organisations of the UK’s infrastructure sector. There has 
not been much literature focusing on the social and 
organisational aspects of ACC. In comparison with the 
limited existing literature, findings of this research is 
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consistent with previous findings in the UK construction 
sector in general, which mirrors similar earlier findings in 
New Zealand’s offsite manufacturing industry (Beach et 
al., 2020; Zou et al., 2022). This relatively low level of 
readiness is attributed to various causes, including 
regulation, technology, human factors and culture and 
external environment aspects. In this section, the authors 
discuss the existing issues and suggest some potential 
solutions that could improve such readiness. 

First, the difficulty of having unified interpretations of 
H&S regulations in general and CDM regulations in 
specific has hindered the development of ACC tools for 
such regulations. The possible confusion and multiple 
interpretations were highlighted in the recent HSE digital 
regulatory compliance workshop report (Nisbet et al., 
2023b). To alleviate this issue, design organisations could 
initiate more detailed internal review meetings and 
workshops on the CDM regulations with the wider CDM 
team and with the assistance of the legal team. Such 
internal review meetings aim to 1) share knowledge 
related to the interpretation and practical CDM 
compliance experience; 2) agree on an organisational-
level standard of unified interpretations for ambiguous 
expressions in the CDM regulations; 3) standardise some 
elements related to CDM compliance such as risk severity 
definitions (risk matrix); 4) better define the detailed 
matrix for CDM compliance checking; and 5)  produce a 
“traffic light” system that highlights which CDM 
regulations can (or are easier to) be checked 
automatically.  

More fundamentally, a CDM regulations review from the 
ACC perspective by regulators at the HSE could be 
helpful. This review could 1) analyse the previous 
incidents that are directly or indirectly occurring  because 
of the lack of understanding of ambiguous expressions in 
the CDM regulations (e.g., so far as is reasonably 
practicable); 2) check if any clause needs to be updated; 
3) revise clauses that are not very clear and/or provide
official guidance and examples for those clauses; 4)
suggest what changes can be made to make the CDM
regulations both human- and machine-readable, which is
aligned with the HSE’s digital regulatory compliance
agenda.

Regarding the technological aspect, design organisations 
could analyse technological capabilities to automate 
CDM regulation compliance, which will highlight the 
gaps and opportunities. This can be reviewed in line with 
digital DRM systems to identify information gaps, and 
how the DRM and ACC systems can help each other to 
achieve enhanced CDM compliance outcomes.  Care 
should be taken to consider the different sizes of projects, 
as the suitability of the CDM compliance processes and 
methods may be different. In addition, existence of a 
multitude of digital systems, platforms, and initiatives 
used across different projects make it more difficult for 
standardising and integrating (both from a technology and 
process perspective) an ACC approach in practice. There 

seems to be a “noise” in digitalisation in the AEC 
industry, where many ongoing efforts and ideas, and 
external factors compete for attention and resources. 

Nevertheless, the advancement in technology cannot 
guarantee the successful adoption of digital CDM 
compliance solutions alone. It faces similar challenges as 
adopting other digital technologies in the infrastructure 
sector, where changing the culture and people’s behaviour 
is one of the most prominent issues. Design organisations 
should take the initiative to promote and highlight the 
importance and the value of the health and safety by 
design approach, with evidence from other pioneering 
organisations to demonstrate feasibility and incentives for 
designers to facilitate behavioural changes. Design 
organisations could also organise more specific training 
sessions for their employees to showcase the available 
digital innovations in this area. This would highlight what 
functions are achievable and/or only speculative, to 
calibrate the expectations from digital tools in general and 
ACC in specific. Senior managers should understand and 
communicate clearly what ACC means, how it is 
performed and what could be practically expected from 
such systems. This would also guide their subordinates’ 
conduct.   

In addition, despite the encouraging external environment 
for digitalisation in the infrastructure sector, developing a 
new digital solution in the commercial world requires 
business justification. Hence, such an ACC system needs 
to demonstrate its tangible benefits such as efficiency, 
productivity gain, and cost-savings for the design 
organisation. This needs to be supported by organisational 
investment and resources (e.g., testbed projects for pilot 
and feasibility studies). If the existing ACC systems 
around the world are proven to be efficient, government 
policy incentives or mandates could also help achieve 
digital compliance. Some government initiatives to 
review the regulatory framework and regulation clauses 
could also facilitate its digitalisation process. The current 
regulatory framework could be improved to provide more 
guidance on achieving improved H&S outcomes. Firstly, 
the UK BIM framework has little guidance and focus on 
H&S aspects (CIRIA, 2023). Currently, there is only PAS 
1192-6 available (British Standards Institution, 2024), 
with ISO 19650-6 out for consultation. More 
comprehensive guidance needs to be provided. Secondly, 
the CDM 15 regulations are performance-based and 
objective-oriented documents where guidance on paths to 
compliance is lacking. Some design examples could be 
provided to further explain and clarify how the 
requirements could be met.  

Conclusions 

This research presents an exploratory single case study of 
a design consultancy in the UK’s infrastructure sector to 
understand the issues, gaps and readiness for 
implementing ACC in its H&S aspects. The results show 
that the readiness for implementation could be improved. 
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The issues and gaps mainly lie in aspects that include 
regulation, technology, human factors and culture, and the 
external environment. Suggestions are proposed for the 
design organisations to raise employees’ awareness of 
technological advancements and enhance organisational 
knowledge sharing, training, standardisation and 
facilitation of culture changes, especially related to the 
H&S management and CDM compliance domain. The 
authors also suggested that the regulatory framework and 
regulations could be reviewed by regulators to facilitate 
digitalisation.  

This study is one of the first studies looking at the 
readiness of implementing ACC in the H&S aspect of the 
UK’s infrastructure sector. Unlike most existing ACC 
studies that focus on technical issues of ACC systems, it 
studied ACC from a socio-technical perspective to 
understand the readiness and how to facilitate better 
implementation from social and organisational 
perspectives. The results would be helpful for design 
organisations in the UK’s infrastructure sector towards 
better development and implementation of digital 
regulatory compliance tools for CDM regulations. 
This paper has limitations. An exploratory single case 
study is conducted in this paper, which may not reveal the 
wider H&S management situation in the UK’s 
infrastructure sector. Our future study will conduct more 
case studies in similar contexts and look at the topic from 
different analysis units (e.g., sectoral, supply chain, 
organisational, departmental, team and individual) to 
obtain a better assessment and understanding of the 
situation and propose more comprehensive suggestions to 
improve this situation.  
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Abstract 

Tackling the need of large organizations for a proactive 
Asset Information Management (AIM) System, a 
methodological approach to knowledge management 
applied to built assets portfolios is proposed. It aims at 
synergically leveraging Knowledge Graphs (KGs) and 
Artificial Intelligence (AI) technologies to enable 
analytics on input data. In the theorized pipeline Large 
Language Models (LLMs) are meant to be used both in 
the graph creation phase, extracting data from 
unstructured sources and organizing them according to 
domain ontologies, as tested on a use-case sample, and in 
the knowledge extraction phase via queries. 

Introduction 

Asset Management (AM) is defined by international 
standardization as “coordinated activity of an 
organization to realize value from assets”, where an asset 
is identified as an “item, thing or entity that has potential 
or actual value to an organization”  (ISO 55000, 2014). It 
can be applied to the construction sector in terms of 
balancing of financial aspects, extraordinary 
interventions, operations and maintenance, in order to 
provide the most cost-effective, sustainable, well-
engineered and efficient solution. The operational phase 
of buildings and infrastructures (ISO 19650-1, 2019), 
represents that time span when a continuous stream of 
minor interventions take place and the asset itself both 
delivers value to the organization and represents a source 
of costs. Asset owners with large portfolios typically 
manage numerous facilities, having the majority of them 
in the operational phase (UK BIM Framework, 2021).  
An AMS, “whose function is to establish the asset 
management policy and asset management objectives” 
(ISO 55000, 2014), bases its performance on data 
exploitation, since assets can be considered data-rich 
environments, or recollections of a multitude of data and 
documents depicting information about each building’s 
lifecycle (LC) step. From a data management perspective, 
future availability and accessibility of information is 
required, for at least as long as the life of the asset, jointly 
with pre-agreed Master Data Management (MDM) (ISO 
8000-100, 2016) procedures internal to the organization, 
to support the effective management of data quality and 
deliver benefits across various LC phases. 
Provided the output of this investigation is suggesting an 
Asset Information Management (AIM) approach to 
support the managerial processes, information ought to be 

regarded as a precious asset itself, whose structure and 
consistency provide measurable performance indicators 
and insights for decision-making purposes (KPMG, 
2021). The main challenges associated with managing 
built asset data are related to their heterogeneous and 
siloed nature, being their structure and storage format 
quite often not regulated and then handled by multiple 
users. These dynamics determine a loss of value related to 
the information managed per each step of the process 
(Eastman, 2011), proving to be obstacles to the extraction 
of valuable and complete information in a timely manner. 
Managers and other stakeholders involved should be 
enabled to store, access and query information regarding 
their portfolio, ranging from documents to spatial 
information, 3D models or activity-related materials, no 
longer dealing with inaccurate, incomplete or even 
undiscoverable pieces of documentation. Inappropriate 
creation and maintenance of data sources, as well as 
interoperability issues foster higher management costs 
and a lack of trust in the final user, who’s trying to gain a 
deeper insight. Recently, with the advent of Big Data 
(Ajah and Nweke, 2019), innovative technology solutions 
enable organizations to improve operational efficiency 
(Gomolluch, 2023), strengthen stakeholder relations, 
reduce costs and provide demonstrable legal compliance. 
Big Data Analytics, as a topic, has found some application 
also in the built environment to foster decision making 
(Farghaly et al., 2017, Demirdöğen et al., 2023). Limiting 
their implementation with BIM tools might not be the 
most efficient way to manage such intense streams of 
data, due to inadequate storage capabilities of those 
technologies. The goal of the current research is to suggest 
a holistic (Gomolluch, 2023) practical approach to 
knowledge management, applied to extended built assets 
portfolio, such as buildings and private or public 
infrastructures, through the adoption of Knowledge 
Graphs (KGs), as well as Large Language Models 
(LLMs) automating otherwise lengthy manual workloads. 
This proposition stems from a real use-case scenario, 
which is the extended built assets portfolio managed by 
the University of Turin. In this public institution an AMS 
(Di Giuda et al., 2023) is currently under development, 
dealing with the above mentioned limitations related to 
siloed documental resources and data quality. The 
proposed methodology is willing to enable the extraction 
of knowledge from heterogeneous data sources and their 
proactive interrogability, therefore improving the 
understanding of how real estate assets are used, along 
with decision-making at every stage of the asset’s LC.  

404



Literature background 

Scientific literature in the field of AM in the built 
environment lacks a unitary vision and covers the topic of 
Information Management through sectorial applications. 
AM is often investigated employing BIM (Farghaly et al., 
2017, Moretti et al., 2022) or through Digital Building 
Logbook as documental repositories of a building's 
lifecycle data, with a focus on sustainability and energy 
efficiency (Signorini et al., 2023, Malinovec Puček et al., 
2023). When it comes to applying KGs and Linked Data 
to the built environment (Pauwels et al., 2022), it is often 
related to the definition of ontologies fit for specific use 
cases and their application to BIM models: sensors and 
mechanical systems (Quinn et al., 2020, Eleftheriou et al., 
2022); building components (Sobhkhiz and El-Diraby, 
2023); operation and maintenance (Xie et al., 2022); 
thermal comfort and energy analysis (Esnaola-Gonzalez 
et al., 2022); construction phase (Farghaly et al., 2021), 
even considering the integration of open source BIM 
models (IFC based) (Elshani et al., 2022). Others 
investigated link validation in ICDDs (Information 
Containers for Linked Document Delivery), meant for 
linking information in documents with Resource 
Description Framework (RDF) data (Hagedorn, Liu, et 
al., 2023, Hagedorn, Pauwels, et al., 2023), or exploited 
Shapes Constraint Language (SHACL) applied to 
distributed Linked Building Data for building model 
checking and constraint validation (Nisbet et al., 2023). 
Differently, KGs as a representation of Digital Twins has 
been studied in other sectors, mainly in industry 4.0 
(Yahya et al., 2021, Tamašauskaitė and Groth, 2023), 
while text-based knowledge discovery techniques (i.e., 
Text Mining, Text processing, and Natural Language 
Processing) are hardly applied to the building sector. 
Natural Language Processing (NLP), which is branch of 
Artificial Intelligence (AI) has found application in text 
analysis and compliance checking related to contracts and 
legislation (Locatelli et al., 2023). In the field of AI and 
LLMs, algorithms are being developed to deal with the 
extraction of content from multiple kind of sources, both 
structured databases (Sequeda et al., 2023) and text-like 
documents, proving promising in assisted and semi-
automated KG construction pipelines (Zhu et al., 2023). 
Research context and aim 

In compliance with studies stating that organizations can 
benefit from implementing AMS conforming to the ISO 
55000 normative series (Almeida et al., 2022, Maletič et 
al., 2023), the proposition of a practical AIM approach 
should consider some recurrent characteristics in big 
organizations managerial praxis: 
• Widespread organizations usually store large volumes

of data and documentation, heterogeneous in types
and formats, in centralized repositories. So called data
lakes ingest all types of data from any source, ranging
from structured (database tables, .xlsx sheets) to semi-
structured (XML, webpages) to unstructured (images,
audio files, PDFs), in their original raw form. Due to
data lakes scalable architecture, a variety of

applications can be compatible (Sawadogo and 
Darmont, 2021), from big data analytics to machine 
learning (ML) or predictive analytics, therefore 
greater value can be extracted from stored data. 

• Inside an organization, analogous or related tasks are
not always systematically carried out using
harmonized terminology or producing consistent
documentation, resulting in misalignments in both
structure and content of files. Semantic enrichment of
raw data would ensure clear interpretation and
understanding, enabling the adoption of a graph
structure (Pan et al., 2024) to interconnect individual
records in a network and overcome inconsistencies.

• Structuring a uniform framework of machine-readable
data generates benefits (Gomolluch, 2023) both in the
short term, providing a Knowledge Base (KB) agile to
interrogate, and in the long term, posing the basis for
further ML implementations, which might include
prediction algorithms and automatizations, optimizing
managerial processes.

The theorized approach aims at multiplying the 
advantages provided by AI-powered technologies in 
Information Management, especially in decision-making 
processes at a managerial level. In a dual sided 
technological pipeline, from one side there’s an AI system 
automatically extracting information from document 
sources and structuring a KB as a graph, while on the 
other side there’s a human user interrogating another AI 
agent, capable of performing neural-symbolic reasoning 
(Zhang et al., 2021). This system, enriched by structured 
knowledge and logic-based inference from ontologies, 
based on the relevant facts retrieved from the KB, should 
enable informed decision making. 

Methodology 

As previously stated, the core idea of this research project 
deals with the development of a methodology to gather all 
sources of knowledge regarding multiple built assets in a 
unique interrogable environment, structured as a KG. The 
methodology (Figure 1) is composed of two parts: an 
automated text-to-KG pipeline and a chatbot for human-

machine interaction. The former is responsible for the 
extraction of every bit of information existing in the 
organization’s documents corpora, for their labeling 
according to pre-established sets of terms and for their 
interrelation to generate a KB with a graph structure. The 
latter assists users in finding the information they require 
from the KG. It should act as user-friendly interface and 
extract information from the KG through an NLP agent, 
which transforms natural language queries into query 
language (e.g. SPARQL), drawing inference and 
returning search results in human readable form. Its 
purpose is to perform those analytics typically carried out 
manually and visualizing them through graphical forms 
and set Key Performance Indicators (KPIs) into the AMS 
digital boardroom, although its proposition will be subject 
to future developments. 
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Prior to the tools development stage, some considerations 
ought to be made, regarding the intended scope of an AIM 
digital tool, according to the organization's administrative 
activities related to its use. For this purpose, a team of 
experts should identify one or more Domain Ontologies 
relevant to AIM scopes, creating those that match the 
organization's requirements, formulated in terms of 
competency questions (Keet, 2020). In addition to 
specifically created ontologies, existing and validated 
ones could be reused. 
The definition of the methods to be applied in order to 
extract a KG from the enterprise Data Lake, based upon 
heterogeneous data sources, both structured and non-
structured, strongly depends on the use case scenario and 
it has been chosen to deal with text documents. The 
suggested methodology aims at integrating what seems to 
be two distinct technologies, LLM and KGs, which 
though aim both at capturing a detailed representation of 
a portion of the world. Their different knowledge 
representation formats complement each other, 
overcoming individual limitations. A so called text-to-KG 
pipeline will be implemented, exploiting literature-tested 
solutions, and it involves: 
• a Large Language Model (LLM), which acquires

world knowledge by pre-training on massive text
corpora and is capable of understanding and
transforming human language, although with severe
likelihood of hallucinations or logical leaps, showing
limitations in domain-specific performance,
trustworthiness, controllable generation or content
quality assessment.

• KGs, which directly store factual knowledge as
interconnected networks via relationships of real-
world entities and provide structured, symbolic
knowledge and deterministic logic, but struggle at
handling nuanced language. They ground LLMs in
factual knowledge, ensuring truthful text generation,
while, on the other hand, LLMs capabilities in text
processing and fact extraction mitigate their rigidity.

• Ontologies, which represent structured formal
knowledge, including commonsense knowledge

lacking in LLMs, and are used to define concepts, 
properties, relationships, constraints, and axioms in a 
machine-readable format, using standards like RDF 
and Web Ontology Language (OWL). They play the 
role of “organizing principle”, as they provide agreed 
sets of hierarchies and terminologies, harmonizing the 
content handled and permitting entity disambiguation, 
as well as describing with the required level of detail 
the domain of interest. Ontologies act as a bridge 
between the unstructured textual knowledge of LLMs 
and the structured world knowledge represented in 
KGs, improving symbol grounding and enabling 
formal logic reasoning (Keet, 2020), such as inference 
through querying protocols. 

The exploitability of the LLM-driven text-to-KG pipeline 
is strictly dependent on the domain ontology, as, in the 
first place, they will help the AI algorithm extract the 
correct entities and relationships. Although their outlining 
is an activity that requires time and the involvement of 
many stakeholders, it can be seen as a more formal task, 
upon which the technological pipeline can be built, as in 
the two steps described onwards. 
Domain Ontologies development: the organizing 

principle 

AM information ought to be systematized with the help of 
domain-specific ontologies, through classes, their 
properties and relations. Since “an ontology is a formal, 
explicit specification of a shared conceptualization” 
(Studer et al., 1998), the task of ontology engineering has 
to be demanded to a group of domain experts, jointly with 
professionals competent in RDF and OWL ontologies 
matter. Considering that concepts to be harmonized are 
already in use among the organization’s practitioners, a 
bottom-up approach is suggested (Keet, 2020). Core 
concepts and relationships, as they tend to appear in 
datasets, are to be stated and formalized in the main 
ontology first, along with formal definitions via 
ontological axioms. Local ontologies and their alignment 
will be implemented only after the whole framework and 
its applicability have been validated, resulting in an 
incremental approach. 

Figure 1. Theorization of an Asset Information Management approach 
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It is to be remarked that the core aim of the methodology 
is to create KGs conforming to a specific ontology, in 
order to guide accordingly to the schema all queries posed 
to the resulting graph, as well as to process a large number 
of documents though multiple prompts, due to 
computational size limitations. 
LLMs for Knowledge Graph generation from text: the 

technological pipeline 

Given recent advancements of LLMs and foundation 
models, they could be leveraged to alleviate time-
consuming tasks, dealing with a great amount of 
unstructured files stored in the organization’s repositories. 
To better understand how the text-to-KG pipeline could 
prove successful, a disaggregation of its procedure 
(Figure 1) is therefore outlined: 
i. Creation of Structured Extraction Guidelines, whose

scope it’s the definition of the types of entities,
properties and relationships the LLM needs to
recognize and extract, referring to the formal content
of the use-case ontology. Guidelines will be supported
with input samples from the target domain and
examples of the expected output structure in ontology
language, to teach the LLM how to correctly encode
human logic and to avoid inconsistencies in
information extraction.

ii. Use of a LLM to transform unstructured text to KG in
compliance with a pre-defined ontology. This task
could be accomplished using either a LLM pre-trained
with standard ontologies, a LLM fine-tuned with a
custom ontology, a LLM prompted with a custom
ontology, or a hybrid of a fine-tuned (with a custom
ontology) and pre-trained (with a standard ontology)
LLM. A comparative analysis investigating the most
fit-for-purpose model should be conducted, evaluating
benefits and limitations of each of the four plausible
approaches outlined, taking into account token costs,
response times, training and tuning datasets required.
A hybrid approach is considered more suitable for
high-quality KG construction (Wang et al., 2023),
relatively to its accurate extraction of domain ontology
components.

iii. Extraction of entities and relationships from large
volumes of text sources via LLM, automating the
process of KG extraction through text chunking,
extraction of triplets, their normalization and
enrichment. Subsequently text mining techniques and
NLP algorithms (Van Assche et al., 2023, Zhao et al.,
2023) operate on entities and their relationships.

iv. KG consolidation, merging nodes and edges extracted
from all sources into a unified set and enhancing them
with metadata and provenance information, to allow
topological analysis on communities and centralities.
The resulting KG is ready to be uploaded to a storage
database, becoming a unitary source of data, over
which complex analytics and queries could be carried
out. Further integrations of departmental KGs,
deriving from other domain ontologies, are allowed
through an incremental approach.

v. Ontology alignment or ontology matching (OM) takes
ontologies as input and determines as output a set of
correspondences between semantically related
entities, dealing with semantic heterogeneity problems
(Li et al., 2019) and enabling navigation over KGs.

A few-shot prompting framework has been tested, to 
guide LLMs in performing NLP tasks, finalized at KG 
creation, exploiting GPT-3.5 (gpt-3.5-turbo), despite it 
being a closed-source model. The authors tried to define 
an ad-hoc chaining prompts to guide the LLM through a 
series of smaller, more manageable tasks to ultimately 
achieve a complex goal, which is the conversion of an 
unstructured paragraph into a structured graph, where 
each node corresponds to an entity, and the 
interconnecting edges depict the relationships linking 
them, matching those defined in a sample ontology. An 
exploratory trial-and-error experiment has been 
conducted, feeding a use-case textual source, in which 
university spaces are listed and assigned to organizational 
units and their occupants, and a reduced version of the 
RealEstateCore (REC) Ontology. The prompts 
engineered go through the following steps: 
1. Task definition: the LLM is given a role as expert and

is told to perform information extraction from textual
documents, converting it into triplets made as:
Source_Node, Relationship, Target_Node. Additional
instructions are here provided, concerning how to
maintain consistency in entities and handle numerical
data, property formats, naming conventions.

2. Ontology ingestion: the LLM is fed with an ontology
in RDF compatible .ttl format, being instructed on
which entities and relationships to look for in the
following tasks. Due to tokens limitations, a small
ontology, composed only of use-case related entities
and relationships, has been exploited.

3. Unstructured paragraph input: the LLM is given as
input the text containing data aimed at being converted
to KG. It is preferably accompanied by an example of
how information should be correctly extracted, stating
a small paragraph and the desirably outputted list of
triples that could be identified in that paragraph.

4. RDF serialization: the LLM is asked to serialize the
list of extracted entities and relationships according to
RDF format, in this case in .ttl, enabling compatibility
with graph databases.

Figure 2. Visualization of nodes connected to a room entity in 

Ontotext GraphDB. 
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The resulting file was imported into an open source graph 
store, namely Ontotext GraphDB, where triplets 
consistency with the original NL source has been verified. 
As an example, nodes and relationships connected the one 
of the room entities extracted from text has been visually 
displayed as a graph (Figure 2).  

Discussion 

Theoretical contributions 

Literature demonstrates that a single technology platform 
can be exploited to create accurate and transparent records 
of organizations’ reference data (including buildings, 
assets, people, and contracts) and it can be integrated in 
internal business processes (e.g. contract and project 
management, strategic planning, environmental reporting, 
preventative and reactive maintenance) (Hanley and 
Brake, 2016, Geisler et al., 2021). However, a strategic 
approach to implementation, which must align to business 
process change and strong data governance, is required. 
From an Information Management perspective, the 
process as a whole should be applied proportionally to the 
scale and complexity of the organization and of its asset 
portfolio, reflecting concepts and principles from ISO 
19650-1 (UK BIM Framework, 2021). Accordingly, 
agreed methods and procedures should be internally 
standardized, to ensure the production of compliant set of 
data and information deliverables. Agreed schemata 
would ensure compatibility when federating data 
produced by different internal departments, which can 
then be used and maintained during the asset’s operational 
life for analysis, reporting and decision-making. 
Practical implications and limitations 

The proposed methodological approach to knowledge 
management, applied to built assets’ portfolios, aims to 
leverage a KG structure and AI technologies to enable 
analytics on input data for a proactive Asset Information 
Management System in large organizations. From an 
enterprise management perspective, a KG approach could 
solve data analytics challenges related to data quality or 
complex properties, exploiting intrinsic characteristics of 
Data Lakes storing the sources of knowledge related to 
accessibility, enabling scalability through a domain 
oriented structure and integration across all domains of 
the organization’s network. 
The main advantages deriving from the exploitation of 
semantic web technologies, in particular of KGs and 
ontologies, can be recognized in the automatic 
interrelation of information content, without having a 
human operator search for a specific document in a 
multitude of folders, and in its being univocally classified, 
reducing data creators' margins of personalization. With 
an incremental approach, from a single KB might stem 
several use-case applications, as multiple domain-specific 
ontologies can coexist in the same KG, putting in place an 
iterative construction of the KG introducing "just enough" 
semantics as each use case demands. 

Integrating ontologies enable formal logical inference, 
complementing the inductive reasoning of LLMs with 
description logics and enhancing their generalization 
capabilities, as symbol grounding explicitly links 
language to formal conceptual representations. Moreover, 
a coexistence of standard and custom ontologies is 
feasible, as well as both independent and cross 
equivalence queries across domains. Additional benefits 
could be given by the adoption of FAIR (Findable, 
Accessible, Interoperable, Reusable) Data Principles, as 
they provide a data management framework, enabling 
findability of data and metadata through persistent digital 
object identifier (DOI); accessibility to trusted 
repositories; interoperability of knowledge representation 
language and dictionaries; reusability of data, thanks to 
accurate provenance information and clear usage license 
(Martorana et al., 2022). 
Other potential advantages of using an automated 
methodology for KG construction from unstructured data 
at scale resides on saving a great amount of hours 
otherwise required for manual reading, labeling and 
linking of documents, as for inconsistencies and 
redundancies checking in their content. LLM integration 
further differentiates this methodology from traditional 
KG creation, accomplishing the main aim of the final KG, 
namely inference and query answering according to 
explicitly defined schema and properties, along with 
ensured high volume scalability, easier model retraining, 
debugging and dataset or prompt fixings. 
According to the authors observations during the testing 
phase, the accuracy of the generated knowledge graph 
clearly relies on the underlying model leveraged, as the 
extracted information might be affected by biases and 
hallucinations, given by the LLM’s ability to correctly 
interpret its tasks. Prompt development involved an 
interactive process of writing, testing, and refinement, 
based on feedback and experimentation. Tailoring the 
prompt to use-case specific application required giving 
the LLMs sufficient context to generate the desired 
output. This includes writing clear step-by-step 
instructions, as detailed as possible about the outcome 
format. Instead than zero-shot prompting (when the LLM 
relies solely on its pre-existing knowledge and on the 
instructions in the prompt to perform the task), adopting 
few-shot learning enabled the LLM to recognize patterns 
from little examples provided and to generalize to unseen 
task variations, also avoiding time-consuming data 
labeling. It emerged how the model tends to assign all 
relationships extracted from text to the ontology 
proposed, even those not standardized by it, and it 
struggles to infer transitive and inverse relationships from 
the ontology, if not explicitly declared in the example as 
well. Other limitations encountered testing this prompting 
framework rely on computational limits, which, in the 
case of GPT-3.5, are set to 4’096 tokens per prompt. 
Therefore textual sources to be analyzed must be pre-
processed and split into smaller size compliant chunks, 
taking care of adequately preventing the loss of context 
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and the separation of related entities (Carta et al., 2023). 
In order to ensure scalability for larger datasets, an 
algorithm devoted to chunking text and automatically and 
iteratively prompting the LLM should be implemented. 
The proposed methodology presents intrinsic limitations, 
related to the time and expertise required to develop a 
proper domain ontology, as well as to the implementation 
and testing phase of the technological pipeline. It will be 
highly dependent on the application use-case, mainly 
caused by the uncertainty generated by the sample size 
and to the unreliability of its data sources. Due to the lack 
of prior research studies on this precise topic, it will be 
difficult to compare results and asses their validity, 
requiring the establishment of validation methods. 
Future directions 

The potential offered by this approach in the field of 
Knowledge Representation and Reasoning (KRR) is 
manifest, since KGs have emerged as key technologies for 
representing knowledge in a variety of domains and 
supporting intelligent applications, such as chatbots, 
question answering systems, and recommendation 
systems (Hu et al., 2023). An NLP agent devoted to 
answering a natural language question, by reasoning over 
facts in a KB, could potentially deal with text-to-
SPARQL tasks and multi-hop reasoning, appropriately 
querying the organization's KG on user’s behalf. These 
technologies should provide also faster access to 
continuously-updating data like sensor readings, getting 
closer to real-time analytics. 
Other future developments might consider multiple 
domains integration, differential privacy policies, 
implementing user-based restrictions on visualization, as 
well as the integration of ML algorithms for predictions. 
Reinforcement learning from human feedback and 
automatic updates to the KG as new document are 
ingested, will make the methodology more versatile. 
As previously stated, the research project will leverage a 
practical use-case methodological approach, not only 
suggesting a plausible use of digital technologies to tackle 
AM processes inside the University of Turin, but also 
aiming at providing a scalable, generalizable and reusable 
set of tools, which might solve similar knowledge-related 
problems in other domains. Relatively to the applicative 
use-case, textual documents containing information 
regarding ownership and occupancy of the building are 
employed. The implementation of a text-to-KG will 
extract and interconnect factual knowledge, applying a 
customized ontology as “organizing principle”. The 
resulting KG’s consistency will be evaluated through 
recall and precision metrics based on confusion matrix 
entries, obtained from manual evaluation campaigns. 
Aligning with past projects at the University of Turin, 
where Business intelligence (BI) tools have been 
implemented as means of data-driven decision making 
(Di Giuda et al., 2023), an integration of AI and BI would 
be desirable, to drive faster, automated and predictive 
insights. The use of AI powered analysis tool could 

overcome traditional BI tools limitations regarding 
analysis at a more granular level, benefitting the end user 
in terms of automating data cleaning to ensure accuracy 
in the procedure, integrating multidimensional analysis as 
well, to detect clusters or similarities across hierarchies, 
attributes and metadata stored in the graph database. 

Conclusions 

The paper tackled the proposition of a methodological 
approach to AIM, leveraging technological pipelines 
whose task is the automation of truthful knowledge 
extraction from a large organization’s documental 
corpora, to enable informed decisional processes. The 
pivotal element is the human user, as it determines 
specific information needs guiding the ontology creation, 
as well as practical decision-making goals and problem-
solving context defined by the organization it represents. 
KGs provide structured knowledge by encoding concepts 
and relationships in machine-readable ontologies, 
therefore they can deliver accurate, safe and responsible 
AI applications, as they drive reasoning and semantics. 
However, the creation of an enterprise KGs manually 
might involve gigantic and cost-inefficient workload, 
hence the automation of ontology extraction from 
unstructured corpora through LLMs could be a viable 
solution. As it has been outlined, the incorporation of 
ontologies in the pipeline can significantly strengthen 
LLMs reasoning capabilities and structure accurate KGs, 
overcoming present challenges in reasoning and symbol 
grounding, granting a significant increase in the value of 
an organization’s knowledge graph. The authors tested a 
semi-automated approach to KG construction for the AIM 
domain, leveraging few-shot LLM prompting with GPT-
3.5 model. The chaining prompting technique dealt with 
triplets extraction from unstructured sources, semantically 
aligning them with a pre-processed ontology acting as T-
Box. The resulting KG showed GPT-3.5 proficiency in 
NLP tasks applied to closed-domain settings, taking 
advantage from clearly stated tasks explanation, although 
hallucinating ontology classes. Since being tested only on 
a small dataset, the authors intend to conduct more in-
depth experimentation, to properly evaluate reliability and 
fitness to the intended purpose of the approach, qualifying 
replicability and generalizability, also evaluating 
alternative LLMs. Future developments will likely 
integrate other AI systems on the inference side of the 
pipeline, capable of dealing with continuously changing 
data and forecasting plausible event scenarios. 
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Abstract 

Facility Maintenance Management constitutes a 
significant portion of building costs, emphasizing the 
need for innovative approaches to enhance efficiency. 
This paper introduces a novel methodology for 
transforming point cloud data into Industry Foundation 
Classes (IFC) models. This method involves a meticulous 
point cloud classification and a subsequent conversion 
into a visually appealing mesh representation. This mesh 
is then linked to IFC entities, enabling the creation of 
comprehensive and semantically rich BIM models. A case 
study on the Civil Engineering Building at the University 
of Cambridge demonstrates the methodology's 
effectiveness, showcasing improved visualization and 
supervision of maintenance tasks. The contribution lies in 
the refined point cloud classification, mesh conversion, 
and seamless integration with IFC, providing a novel and 
efficient solution to existing challenges. The results 
underscore the potential for revolutionizing maintenance 
practices in existing buildings. 

Introduction 

The aging of buildings accentuates the imperative for 
effective maintenance, constituting over 65% of total 
building costs (Matos et al., 2020; Alavi, Bortolini and 
Forcada, 2022). Despite this, facility managers frequently 
depend on conventional methods which can be inefficient 
and time-consuming (Juricic, Krstić and Čulo, 2021; 
Alavi and Forcada, 2022). 
The integration of BIM with various technologies allows 
for the creation of 3D information models for facility 
maintenance and administration work, ultimately 
enhancing productivity. However, one major challenge in 
utilizing BIM for maintenance activities is the lack of a 
BIM model for existing buildings (Alavi and Forcada, 
2019). This paper addresses this gap by introducing a 
novel “Scan-to-BIM” methodology. The implementation 
of LiDAR technology confidently converts point cloud 
data into a mesh format, providing a solid foundation for 
creating extremely accurate as-built BIM models (Antah 
et al., 2021). The proposed methodology aims to enhance 
maintenance activities in existing buildings where there is 
no BIM model available. The paper aims to outline the 
utilization of LiDAR technology to obtain point cloud 
data of existing buildings and convert it into a mesh 
format, which can serve as a foundation for assigning 
relevant Industry Foundation Classes (IFC) information to 
different building components.  

This method enables the development of an as-built BIM 
model that precisely depicts the current state of the 
building. Once created, this model can be integrated with 
a Computerized Maintenance Management System 
(CMMS) to simplify maintenance tasks. Each 
maintenance request from the CMMS can be associated 
with the applicable components in the as-built BIM 
model, making it easy for maintenance personnel to find 
and evaluate maintenance needs. 

Literature Review 

To enable effective maintenance activities during the 
O&M stage, a diverse range of data is required in BIM (H. 
Alavi et al., 2021; Fan et al., 2023). Furthermore, Nicolle 
and Cruz (Nicolle and Cruz, 2011), emphasize the need 
for precise data on installed components in buildings to 
achieve effective BIM implementation in the O&M phase. 
These kinds of data might not be available in many 
existing buildings due to imperfect and deficient, 
obsolete, or disintegrated building information (Gursel et 

al., 2009). The significant difference between enabling 
BIM for FM in new buildings and existing buildings is the 
lack of as-built, CAD files as well as insufficient and 
outdated information of the buildings (Becerik-Gerber et 

al., 2012; Hamidreza Alavi et al., 2021). Missing this kind 
of information might lead to ineffective building 
management, uncertain process results and time loss or 
cost increases in facility management processes (Alavi 
and Forcada Matheu, 2022). 
In recent years, the integration of BIM and LiDAR has 
emerged as a promising approach to create as-built BIM 
models for existing buildings and maximize building 
maintenance efficiency (Shin and Cha, 2023). This 
integration offers a robust framework for capturing 
detailed building information and leveraging it for 
effective maintenance processes. One of the key 
advantages of this integration is the ability to create 3D 
information models for facility maintenance (Wang, Guo 
and Kim, 2019; Liu, 2022). By integrating LiDAR data in 
BIM, it becomes possible to enhance the productivity of 
maintenance and administration work in facilities. This 
approach allows for a more rapid detection of faults or 
potential faults and a significant reduction in maintenance 
costs. 
Multiple studies have explored the benefits and 
limitations of using LiDAR technology in combination 
with BIM for facilities management. These studies have 
highlighted the importance of accurately capturing the 
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existing building conditions through LiDAR scans and 
converting them into BIM models (Brilakis et al., 2010; 
Juan, Hwang and Kim, 2020; Liu, 2022). The study 
conducted by Hong Kong researchers focused on utilizing 
Scan-to-BIM, which combines terrestrial laser scan data 
with BIM, to perform quantity take-offs for estimating 
building maintenance costs (Sing et al., 2022). This 
demonstrates the potential of LiDAR technology and BIM 
integration in enhancing maintenance activities by 
providing precise information for cost estimation and 
planning. Additionally, another study emphasizes the 
automation of the Scan-to-BIM process through semantic 
labeling. This study proposes an integrated system called 
Auto-Scan-To-BIM that automates the generation of a 
complete BIM model from scanned point cloud data. The 
Auto-Scan-To-BIM system utilizes region segmentation 
methodology and enhanced plane boundary line detection 
methods to accurately identify and analyze building 
elements from the point cloud data (Suprun et al., 2022). 
Furthermore, research has also focused on the integration 
of BIM and LiDAR technology for quality management 
during the maintenance phase (Begić and Galić, 2021). 
Moreover, scan-to-BIM technology supports the creation 
of accurate as-built models that can be used by facility 
managers and stakeholders in maintenance operations. 
The integration of scan-to-BIM technology extends the 
value of BIM to the lifecycle of buildings, contributing to 
improved facility management and maintenance 
practices. The practicality of implementing the Scan-to-
BIM approach in maintenance projects for existing 
buildings has not been widely explored, despite its 
potential benefits for creating accurate as-built models 
and improving facility management practices (Sing et al., 
2022). To address these limitations, this article proposes 
a methodology for enhancing maintenance activities in 
existing buildings using LiDAR technology and the scan-
to-BIM process. 

Methodology 

The methodology involves utilizing LiDAR technology to 
capture point cloud data of the existing building. It is 
important to note that when processing point clouds, 
several challenges arise, including occlusions, 
misclassification, and identifying hidden elements. 
Occlusions occur when objects obstruct parts of the 
building, leading to incomplete or distorted point cloud 
data. Misclassification refers to the incorrect labeling of 
point cloud points, which can result in inaccuracies in 
subsequent modeling processes. Similarly, identifying 
hidden elements, such as structural components obscured 
from view, poses challenges in capturing comprehensive 
building information. To address these challenges, 
innovative approaches, such as deep learning and machine 
learning algorithms, were used to improve the 
identification of hidden elements and enhance the overall 
accuracy of the resulting BIM model. 
The existing point cloud data is then processed and 
converted into a mesh representation of the building. 

Then, the methodology oversees creating IFC instance 
models to store building components created out of a laser 
scan. It is divided into four parts, as illustrated in Figure 
1: (i) point cloud classification; (ii) point cloud 
conversion; (iii) the IFC model creation; and (vi) CMMS 
integration and visualization. 
The first step in the methodology is point cloud 
classification. During this step, the point cloud data is 
classified and labeled to identify different building 
elements such as walls, floors, ceilings, doors, windows, 
and some MEP elements. Models created using the data 
contained in point clouds can be used for constructing an 
accurate representation of existing facilities by measuring 
their geometry and appearance. 

Figure 1. Methodology 

The second step is point cloud-to-mesh conversion. 
During this step, the classified point cloud data is 
converted into a mesh representation of the building. This 
mesh representation allows for a more visually appealing 
and interactive view of the building, making it easier for 
maintenance workers to identify different elements and 
their locations. The third step in the methodology is the 
generation of an IFC model. During this step, the mesh 
representation of the building is assigned relevant 
Industry Foundation Classes entities. This involves 
mapping the building elements identified in the point 
cloud data to their corresponding IFC entities, such as 
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walls, floors, doors, and windows. Once the relevant IFC 
entities are assigned, a complete IFC model is generated 
for the entire building. This IFC model contains all the 
necessary information about the building, including its 
geometry, spatial relationships, and attributes. The final 
step in the methodology involves using Dynamo in Revit 
to link maintenance requests from the building 
maintenance management system to the IFC model. By 
integrating the building maintenance with the generated 
IFC model, each maintenance request can be linked to the 
corresponding element in the building model. A filter can 
be applied to visualize the priority of each maintenance 
request on the model, dynamically representing their level 
of urgency or importance with different colors or 
indicators. 

Case Study Implementation 

To demonstrate the effectiveness of this methodology, a 
case study was conducted on the Civil Engineering 
Building in University of Cambridge, United Kingdom. 
The Cambridge University Engineering Department's 
(CUED) Civil Engineering Building, completed in 2019, 
stands as a pioneering example of modular and flexible 
laboratory and research infrastructure on the eastern 
fringe of the University's West Cambridge Campus. 
Encompassing approximately 5000m², the facility 
seamlessly integrates laboratory, research, and office 
spaces. LiDAR technology was utilized to capture a 
detailed and accurate point cloud of the building, shown 
in Figure 2. 

Figure 2. Point Cloud of the Civil Engineering Building 

Point Cloud Classification 

The point cloud data was then processed and classified to 
identify various building elements. The classification of 
the point cloud data enabled the identification of different 
building elements such as walls, floors, ceilings, doors, 
windows, and some MEP elements. Once the point cloud 
was segmented and the noise omitted, the next step 
involved the conversion of the classified point cloud data 
into a mesh representation of the building.  

Point Cloud Conversion 

The point cloud was converted into a mesh representation 
of the building. Using the innovative Python Ball Pivoting 
Algorithm, we were able to convert the raw point cloud 
data into a detailed mesh structure. This algorithm 

effectively handles challenges such as occlusions and 
hidden points, guaranteeing that the resulting mesh-based 
geometry accurately portrays the intricate details of the 
building's structure. The mesh representation provided a 
more intuitive and visually appealing view of the 
building, making it easier for maintenance workers to 
understand and interact with the model. Figure 3 shows 
the created mesh based on the point cloud data. 

Figure 3. Mesh of the building 

IFC Creation 

Next, the classified point cloud data was mapped to 
relevant IFC entities, such as walls, floors, and doors. The 
IFC model was created using the ifcopenshell package in 
Python. This package allows for the manipulation and 
extraction of data from IFC files, enabling the assignment 
of relevant IFC entities to the classified point cloud data. 
The ifcopenshell library provides a set of tools and 
functions for working with IFC files, including the ability 
to create, read, and modify IFC models programmatically. 
Using the ifcopenshell package, the classified point cloud 
data was mapped to their corresponding IFC entities, such 
as walls, floors, doors, and windows. This process 
involved creating IFC elements for each building 
component, ensuring that the IFC model accurately 
represented the geometry and attributes of the existing 
building. The ifcopenshell package facilitated the 
generation of a complete IFC model that contained all 
necessary information about the building, allowing for 
spatial relationships and properties to be incorporated into 
the model. 
By leveraging the capabilities of ifcopenshell in Python, 
the methodology successfully assigned relevant IFC 
entities to the classified point cloud data, resulting in the 
creation of a comprehensive and semantically rich IFC 
model for the existing building. Figure 4 illustrates 
ifcopenshell package for assigning relevant IFC to 
segmented mesh. 
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Figure 4. Process of assigning relevant IFC to mesh 

CMMS Integration and Visualization 

The process of linking maintenance requests from the 
CMMS to the generated IFC model involved several 
steps. First, the maintenance data obtained from the 
CMMS in an Excel file format was imported into 
Dynamo, a visual programming extension for Autodesk 
Revit as shown in Figure 5. Each row in the Excel file 
represented a different maintenance work order, with 
columns containing specific information such as issue, 
priority, and equipment codes. Table 1 shows examples of 
maintenance requests received by facility management 
department of west campus. 
In this study, the shared parameter was utilized to allow 
BIM models to contain EquipmentID and Priority 
parameters. The shared parameter is a Revit term that can 
be added to the Revit family for custom data fields. It can 
also be accessible for any project due to holding 

parameters in a separate file. This enables the integration 
of maintenance data from the building maintenance 
management system with the BIM model, allowing for 
better coordination and planning of maintenance 
activities. 
Table 1. Examples of maintenance requests for West Campus 

Issue Date reported to 

Facilities  

Priority 

Air Conditioning 
is still playing up 

07 March 2023 Medium 

remove alarm on 

back door 

08 August 2023 low 

repaint bike shed 

& compounds 

where w/shop 

exit is and where 

skips are 

09 August 2023 low 

The gas boiler in 

the plant room 

wont switch on 

18 October 2023 medium 

AC not working 

in the workshop 

20 October 2023 medium 

light inside study 

room not 

working 

23 October 2023 medium 

A leaking pipe in 

office 

30 October 2023 high 

To map maintenance requests to the BIM model for 
visualization, the following steps can be taken. First, the 
Excel file obtained from CMMS is imported in Dynamo, 
a visual programming extension for Autodesk Revit. In 
this file, each row corresponds to a different maintenance 
work order, and each column contains specific 
information such as issue, priority, and equipment codes. 
The parameters from the file are then grouped by type and 
mapped to each equipment (depending on the code) using 
the SetParameterbyName node in Dynamo. This step 

Figure 5. Dynamo code to import the maintenance requests to the mechanical equipment of the IFC model 
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involves linking the maintenance information to the 
corresponding elements in the BIM model. Using a 
Dynamo script, the information from the selected columns 
of the file can be saved in each parameter. This script 
contains two key Python code blocks. The code block 
"Reorganize room objects into Revit ordering" creates a 
list of all rooms and their room numbers, which are then 
organized to match the element numbering set by Revit. 
Developing custom Dynamo scripts specifically for this 
purpose made integrating maintenance activities into the 
BIM model easier. These scripts, using unique Python 
code blocks, showing our dedication to creating solutions 
that meet the specific needs of maintenance tasks in 
facility management. By using these custom scripts, we 
ensured that maintenance information was accurately 
mapped to corresponding rooms in the BIM model, 
improving the efficiency of maintenance planning and 
execution. 
This integration allowed for the linking of each 
maintenance request to the corresponding element in the 
building model, with the ability to visually represent the 
priority of each maintenance request on the model. By 
dynamically indicating the urgency or importance of 
maintenance requests with different colors or indicators, 
the maintenance team gained an efficient and effective 
tool for managing and prioritizing maintenance activities. 

Results and Discussion 

The use of the proposed methodology for enhancing 
maintenance activities in existing buildings without a 
BIM model can greatly improve efficiency and accuracy. 
By utilizing LiDAR technology to capture point cloud 
data, maintenance workers can have access to detailed and 
accurate information about the building's geometry. This 
data is then transformed into a mesh representation using 
the Python Ball Pivoting Algorithm to ensure precise 
modeling that includes intricate details, such as holes in 
walls, thus enhancing the fidelity of the resulting BIM 
model. This BIM model can then be linked to the CMMS, 
enabling maintenance requests to be directly connected to 
the corresponding elements in the model. 
The methodology involves using the ifcopenshell package 
in Python to convert the mesh representation into an IFC 
file. Unlike conventional approaches, ifcopenshell offers 
a versatile and general solution, providing greater 
flexibility in manipulating and extracting data from IFC 
files. This contributes to advancing the field by offering a 
more accessible and adaptable framework for generating 
IFC models from point cloud data. 
In addition, we have developed custom Dynamo scripts 
designed to integrate maintenance tasks into Revit, 
enhancing the usefulness of BIM models in facility 
management. The unique Python code blocks within these 
scripts, especially the "Reorganize room objects into 
Revit ordering" code, demonstrate our dedication to 
creating solutions tailored for maintenance activities. This 
customization enables accurate mapping of maintenance 
information to respective rooms in the BIM model, 

leading to significant improvements in maintenance 
planning and execution efficiency. 
The proposed visualization tool aligns with the case 
study's findings, illustrating how the seamless integration 
of LiDAR technology with BIM models effectively 
facilitates more efficient and accurate maintenance 
practices. By implementing the visualization tool, Facility 
Management and Maintenance teams can better organize 
and prioritize maintenance tasks. The clear visualization 
of maintenance requests directly on the 3D model of the 
building enables FMM personnel to assess the urgency 
and allocate resources effectively. Figure 6 illustrates 
examples of two maintenance requests on the West 
Campus of Cambridge University. As shown in the figure, 
each maintenance request is depicted by a colored marker 
on the BIM model. For instance, a red marker indicates a 
high-priority maintenance request, while a yellow marker 
represents medium-priority requests. A leaking pipe in the 
office is an example of a high-priority maintenance 
request and is represented as a red marker in the BIM 
model. On the other hand, a light in the study room 
constitutes a medium-priority request and is symbolized 
by a yellow marker. This color-coded representation not 
only improves the efficiency of maintenance workers in 
addressing urgent issues promptly but also allows for 
better planning and allocation of resources to address less 
urgent maintenance requests. In addition, this integration 
provides maintenance workers with a clear understanding 
of the location and status of each maintenance request, 
facilitating their decision-making process and 
streamlining the overall maintenance workflow. 
The process of implementing the visualization tool 
involves the utilization of LiDAR technology to capture 
comprehensive point cloud data, enabling the creation of 
a detailed and visually rich BIM model. This model, 
integrated with the CMMS, enhances the clarity and 
accessibility of maintenance requests, streamlining the 
overall maintenance workflow while ensuring accurate 
documentation and spatial representation of the building's 
elements. 
The comparison of the current maintenance management 
approach, where maintenance work orders are received in 
Excel files, with the proposed visualization tool clearly 
demonstrates the potential for improvement. The 
visualization tool provides a more intuitive way to 
manage maintenance tasks, moving away from traditional 
tabular data towards a spatially enriched representation of 
the building's elements. This transition can significantly 
enhance the FMM's ability to plan, coordinate, and 
execute maintenance activities effectively. 
The implementation of the visualization tool, as 
evidenced by the successful integration of LiDAR 
technology, point cloud data, and BIM models in the case 
study, presents a compelling opportunity to revolutionize 
the management of maintenance tasks in existing 
buildings. 
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Figure 6. Example of the equipment visualization based on the priority of maintenance requests 
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The visualization tool not only fosters a more organized 
and informed approach to maintenance but also elevates 
the overall understanding of the building's conditions and 
facilitates well-informed decision-making for 
maintenance and rehabilitation efforts. This methodology 
not only improves the maintenance process but also 
enhances the overall management of the building. With 
the integrated system of LiDAR technology, point cloud 
data, and BIM models, facility managers can easily access 
and analyze important information about the building's 
condition, identify potential issues, and make informed 
decisions regarding maintenance and repairs. This 
approach also enables better communication and 
collaboration among stakeholders involved in the 
maintenance process. 

Conclusion 

The use of LiDAR technology and point cloud data to 
enhance maintenance activities in existing buildings 
without a BIM model offers significant advantages. 
It allows for the creation of detailed and accurate as-built 
BIM models, which can be linked to maintenance 
management systems to streamline the maintenance 
workflow. By assigning relevant IFC entities and color-
coding maintenance requests based on priority level, 
maintenance workers have a clear understanding of the 
location and status of each maintenance request, 
improving efficiency and effectiveness. Moreover, the 
integration of point cloud data and BIM models provides 
facility managers with valuable information for better 
decision-making and overall building management. For 
instance, various kinds of data can be linked to IFC 
models to improve maintenance activities. This includes 
information about equipment specifications, maintenance 
history, warranty details, and any other relevant data that 
can assist in planning and executing maintenance tasks. 
By leveraging the power of LiDAR technology and point 
cloud data, facility management teams can transform the 
way they approach maintenance in existing buildings. 
This innovative approach not only improves the accuracy 
and efficiency of maintenance tasks but also enhances the 
overall management of building conditions and facilitates 
informed decision-making processes. The combination of 
LiDAR technology, point cloud data, 3D models created 
with BIM in the context of maintaining activities for 
existing buildings presents a significant opportunity to 
revolutionize traditional approaches towards conducting 
property upkeep while improving their overall 
performance as well as longevity. 
The development of custom Dynamo scripts highlights 
the potential of this methodology in the future. These 
scripts form the basis for potential projects, such as 
creating APIs for seamless integration with emerging 
digital twin platforms. Future work could focus on 
advancing the use of BIM and point cloud data in 
maintenance activities for existing buildings. One 
potential future direction is the refinement of automated 
algorithms and machine learning techniques to streamline 

the process of converting point cloud data into parametric 
BIM models. This advancement can significantly reduce 
the manual effort required, making the generation of BIM 
models from point cloud data more time-efficient and 
scalable. Additionally, future work in this area could 
explore the integration of Internet of Things data with 
BIM models to enable real-time monitoring of building 
components and systems. This integration would allow 
for proactive maintenance, where sensor data from IoT 
devices triggers maintenance alerts directly within the 
BIM model, enabling facility managers to address issues 
before they escalate. Moreover, the role of BIM in 
predictive maintenance can be explored in existing 
buildings. By leveraging historical maintenance data, 
sensor information, and building performance data within 
the BIM environment, predictive maintenance strategies 
can be employed to anticipate and plan for maintenance 
activities, maximizing the operational efficiency of 
existing buildings. 
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Abstract
Infrastructure planning requires the use of various geomet-
ric representations of traffic nets thus exchanging different
data models during a project that all refer to the same do-
main object. In order to provide a common data basis for
a BIM-based workflow, this article proposes a topological
model for representing traffic nets based on the paramet-
ric planing objects. Therefore, a concept for connecting
the topology with alignment geometry data is described.
Furthermore, the proposed concept allows the abstraction
of multiple macro topologies for various use cases that all
refer to the same lower level micro topology. Additionally,
the approach is implemented by utilizing Semantic Web
Technologies and therefore developing an OWL ontology
concept for representing traffic topologies. Subsequently
the concept is exemplified through an ontology that defines
the topology representation of a simple rail switch.

Introduction
Due to the inherent curvature of the earth of the engi-
neering alignment and the large-scale expansions of rail
networks, different types of georeferenced representations
of the rail network are required. The alignment planning
is based on projected geodetic coordinate reference sys-
tems such as Universal Mercator Projection (UTM) where
the site planning is separated from the height planning.
Consequently, a common base model is required to which
the various geometric representations could refer. This is
especially required when applying methods of Building
Information Modeling (BIM) in infrastructure planning,
whereby various stakeholders and domain-specific project
participants are involved.
One possible approach would be the use of a model that
represents only the topological relations of the infrastruc-
ture network. This way, different geometric representa-
tions could reference or be linked to the same consistent
topology, thus preserving data integrity in digital planning
processes.
An infrastructure topology allows disparate geometric
datasets to integrate with a single logical network repre-
sentation, avoiding inconsistencies. The topological con-
nectivity also enables sophisticated network analysis for
tasks like routing, vulnerability assessment, and optimiza-
tion. Since the topology is decoupled from physical geom-
etry, it supports flexibility in aligning to different coordi-
nate projections or levels of detail.
A new concept for modeling a topology that represents
traffic nets of any kind is proposed in this article. Theo-
retically, this concept could be implemented in a variety
of data structures, e.g. as an SQL database or using BIM
standards such as the Industry Foundation Classes (IFC).

Since topologies can be represented well as graphs and in
order to integrate the underlying logic-based concepts in
themodel, the developed topology concept is implemented
as a graph-based ontology using the Web Ontology Lan-
guage (OWL). The proposed concept is demonstrated on
an exemplary ontology that defines the topology represen-
tation of a simple rail switch.

Related Work
Various ontological approaches exist that aim for a topo-
logical representation of constructions. According to Gru-
ber (2009), an ontology in the context of computer and
information sciences is defined as a set of representational
elements that can be used to model a domain of knowledge
or discourse. These representational elements include
classes, properties, and relationships or relations. Further-
more, the representational elements of an ontology con-
tain information about their meaning as well as constraints
for their logically consistent application. Ontologies can
be created in various formats, of which the most promi-
nent one is OWL that is also W3C-standardized¹. OWL
is based on the Resource Description Framework (RDF)²
and Resource Description Framework Schema (RDFS)³,
which are also W3C standardized and allow the formu-
lation of logical statements about any things (referred to
as resources in RDF) in the form of triples consisting of
subject, predicate and object. In this regard, OWL adds
further concepts that enable the representation of knowl-
edge on the basis of description logic (Baader et al., 2017).
Since based on description logic, OWL-based ontologies
are divided into two separate systems, one of which de-
scribes the Terminological Component (TBox) and the
other the Assertional Component (ABox). In the TBox
the knowledge concepts used in the ontology are defined
including classes and properties. It establishes the hierar-
chy of classes and the specifications on properties, such
as domain and range specifications, class equivalences,
and property characteristics. The ABox contains asser-
tions about instances of the classes defined in the TBox,
essentially the factual knowledge. By reasoning the ABox
against a TBox by an OWL-compatible reasoning engine,
implicit information can be inferred based on the asserted
facts in the ABox.
For buildings the Building Topology Ontology (BOT)
(Rasmussen et al., 2021) can be used to define topological
relations between digital representations of building zones
and elements. Consequently, no geometry is involved in
the topology, however references to geometry data can be

¹https://www.w3.org/OWL/ (accessed: April 03, 2024)
²https://www.w3.org/RDF/ (accessed: April 03, 2024)
³https://www.w3.org/TR/rdf-schema/ (accessed: April 03,

2024)
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made through links on BOT resources. A similiar ap-
proach can be realized for bridges with the Bridge Topol-
ogy Ontology (BROT) (Hamdan and Scherer, 2020). Both
approaches have in common that the structure of a con-
struction is realized through classes for zones and compo-
nents. Comparatively, a traffic net is described on a more
abstract level and wider scale consisting of stations and
connecting tracks.
An ontology for representing this kind of structure has
been developed by Lorenz et al. (2005) as Ontology of
Transportation Networks (OTN). Thereby, not only sta-
tions and their respective connections are modeled but also
corresponding land areas or built structures. Furthermore,
the connections could be typed via classes, e.g. a con-
nection can be classified as waterway, road or railway.
Another ontology for representing the topology of rails
has been developed as Rail Topology Ontology (RTO) by
Bischof and Schenner (2021). RTO is an OWL represen-
tation of the RailTopoModel (RTM), which has been re-
leased as International Railway Standard 30100 and is de-
fined as UML model. Compared to OTN, RTM and RTO
allow the definition of different aggregation levels such as
nano, micro or macro for modeling the topology in various
detail levels, e.g. for visualizing the network in a broader
scale. However, parallel definition of higher level topolo-
gies that refer to the same lower level topology are usually
not supported by RTM or lead to inconsistencies. Further-
more, OTN as well as RTM and RTO define no alignment
strategies in their respective topology concepts for con-
necting topological data objects exactly to related geome-
try background by using the geometric alignment stations.
Besides ontological approaches, also general concepts for
realising topologies in infrastructure have been developed.
For instance, according to Bendfeldt (2005) a railway sta-
tion can be divided:

• by operational technology in the areas of train trans-
portation and train formation,

• operationally in the areas of route junctions and track
groups or

• by type of transport in the areas of rail passenger
transport and rail freight transport

Furthermore, Bendfeldt (2005) investigates how stations
can be broken down into elementary nodes and elemen-
tary stations in order to derive standardization’s and design
principles for optimized operational and infrastructural as-
pects.

Methodology
In order to develop the topology and subsequently the pro-
totypical ontology, core requirements must first be identi-
fied that have to be fulfilled by the resulting concepts. In
this regard, a fundamental principle of traffic planning that
needs to be considered for the topology is the need for spe-
cific traffic routes that result from the distribution of poten-
tials. A location for a potential is defined as the position
of an individual settlement or business location as well as
an agglomeration of these locations. Topologically these

(combined) locations are abstracted as nodes. Traffic po-
tentials exist between the nodes, which as directed edges
describe the potential for a traffic relationship in the form
of travel or goods transportation between the nodes. Lill’s
law of travel (see eq. 1) provides a simplified way of eval-
uating this potential (Lill, 1891).

VAB := k · PA ·PB

d(A,B)2 (1)

The size of the possible traffic flow VAB is proportional to
the product of the size of the agglomerations PA, PB to be
connected and inversely proportional to the square of their
distances d(A,B). Furthermore, k is an additional constant
correction value (Lill, 1891).
The logical network of potentials is realized with a physi-
cal network of traffic infrastructure across several modes
of transport. Track-guided traffic routes form an essen-
tial part of the physical network, but require a reference
to the associated geometric representation. At the lowest
topological level, the node-edgemodel represents the exact
physical network, while other topological models general-
ize it through a topological abstraction. A topology can
have a geometric representation, but it does not have to.
Furthermore, the representation may differ from the phys-
ical realization. For instance, the geometric representation
of a station can, for example, be realized geometrically via
its station building, the arithmetic center of its points or an
arbitrarily set station position.
Consequently, the following requirements for a infrastruc-
ture topology can be determined:

1. The topology should consist of multiple abstraction
layers.

2. The lowest abstraction layer should represent the ex-
act physical infrastructure network.

3. Higher abstraction layers could generalize the topo-
logical abstraction of the infrastructure network.

4. Since the lowest abstraction layer represents the exact
physical infrastructure network, it should be possible
that an optional geometrical representation could be
mapped to the layer components.

The infrastructure topology can therefore have a geometric
representation, but does not have to. This representation
may differ from the physical realization. The geometric
representation of a station can, for example, be realized
geometrically via its station building, the arithmetic center
of its switches or an arbitrarily set station position. This
creates a strict separation of the levels:

• The route alignment is the level of physical realiza-
tion of the network

• The topology is a logical level that can reference the
route alignment in a specialization, but does not cor-
respond to it.

After this initial step of identifying the topology require-
ments, a topology concept will be developed that aims
to fulfil them (see section ”Concept of the Infrastructure
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Topology”). The concept should be applicable on vari-
ous data structures. For an initial prototypical implemen-
tation of the resulting topology concept the research team
has decided to develop an OWL ontology. This allows
for representing the topologies as graphs which are flex-
ible to modify, especially since new edges can be added to
nodes without violating previously defined data schemes.
Furthermore, OWL supports logic-based modeling allow-
ing the integration of underlying knowledge concepts and
their automatic reasoning. Additionally, by using OWL
as machine-interpretable standard, the resulting topology
concepts can be shared and connected with other knowl-
edge domains. For developing the prototypical ontol-
ogy the Linked open terms methodology (Poveda-Villalón
et al., 2022) is used, which is structured in the four steps
(1) ontology requirements specification, (2) ontology im-
plementation, (3) ontology publication and (4) ontology
maintenance. For proposing the initial concept in this ar-
ticle, only the first two steps are processed, followed by
a publication of the prototype ontology as draft. The re-
quirements for the ontology should be the same as for the
overall topology concept (see requirements 1. - 4. above).
During the ontology implementation it has been consid-
ered to reuse components of OTN and RTO (see section
”Related Work”) directly in the newly developed ontol-
ogy. However, since the structure of both ontologies differs
greatly from the abstracted topology concept proposed in
this paper, only the development of corresponding align-
ment ontologies is considered for future research.

Concept of the Infrastructure Topology
The proposed topology is an abstraction of a infrastruc-
ture network realized through logical nodes and edges that
are separated from its geometric references. Therefore, the
topology is defined as directed graph, which consists of the
following elements:

• a set V = {v0, ...,vn} of nodes
• a set E = {e0, ...,em} of directed edges between the
nodes

Fig. 1 demonstrates an example of this abstract model
consisting of 5 nodes and 8 edges that result in a directed
graph.

Figure 1: Directed graph consisting of 5 nodes and 8 edges

Topologically the edge ei := e jk := (v j,vk) is unique be-
tween the nodes v j and vk. If there are more direct paths
between v j and vk these are summarized topologically to
e jk. Through the graph the edges have access to their as-
sociated nodes and the nodes have access to their linked

edges.
The proposed topology utilizes microtopologies and
macrotopologies as utilized levels for abstracting a route
network.

Microtopologies
The microscopic topology (microtopology) of a trans-
portation network describes the first topological abstrac-
tion of the network from the geometry to a node-edge
model. It is also the only geometric abstraction. Fig. 2
presents an exemplary microtopology of a simple switch,
in which the two possible paths shown between the nodes
are physically defined via the main or branch track. How-
ever, an exact geometric location and demarcation between
the switch and the rest of the track can only be realized
by a topological representation for the start and end of the
switch. The double crossing switch results in four possible
paths, only two of which are described by the alignment of
the two tracks. Thus the geometric descriptions of the two
additional paths are therefore required as alignments and
are later assigned to the switch object.

Figure 2: Exemplary microscopic topology of a single switch
and a double crossing switch. The directions are indicated by

double arrows. Background Figures from (Fendrich and
Fengler, 2014)

If the topological decomposition of the switch is omitted,
the geometric links to the physical network at these points
are incomplete or only implicitly contained via the switch
parameters. In addition, the switch is only positioned at a
virtual intersection point, which is irrelevant for topologi-
cal references back to the geometry.

Figure 3: Structure of the microtopology of a traffic junction of
two roads (Fig. from Wollschläger (2021) overlaid with the

microtopological nodes)

The abstraction corresponds to the definition of junctions
in road engineering. As shown in Fig. 3, there is also a
strict separation between the geometric construction and
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the topological abstraction. The references to each other
are established via nodes on the geometric lanes and edges
as sections on the lanes.

Macrotopologies
The macroscopic topology (macrotopology) of a trans-
portation network describes a topological abstraction of
an existing topological network. It is therefore based on
either a microscopic or macroscopic topology. It has only
topological and no geometric references. Any number of
macrotopologies can be constructed for a microtopology.
An exemplary macrotopology is shown in Fig. 4.

Figure 4: Abstraction of a switch as node v that aggregates
nodes v0, v1, v2

In the example a simple switch is defined through 3 in-
ner nodes v0, v1 and v2. According to the described data
model, these nodes have back references to their linked
edges, e.g. node v0 to the edges e0A, e01 and e02 with exact
geometric back references.
When the microtopology is abstracted to a macrotopology,
amacro node v is generated as a switch representation from
the micro nodes v0, v1 and v2. So that the macro node
can form back references to the geometry without defining
them itself, it must link all the associated micro nodes v0,
v1 and v2. For completeness, all inner edges e01, e10, e02
and e20 are also linked. Thus v itself is a directed graph.
The macro edges refer to their corresponding micro edges,
e.g. eAi refers to eA0, and if available their corresponding
enclosed micro nodes.
All levels must be linkable with each other for a uniform,
consistent topology approach. By linking them, arbitrarily
abstract topology levels implicitly gain access to the under-
lying microtopology and thus to the physical geometry.

Structure of an OWL Topology
Based on the proposed concept of an infrastructure topol-
ogy the Infrastructure Topology Ontology (INTO)⁴ has
been formalized using OWL. INTO provides the necessary
TBox to support the modeling of microtopologies and all
macrotopologies at higher abstraction levels as well as ad-
ditional linking components for connecting the topology
with geometry. In this regard, micro- and macrotopolo-
gies are specializations of the abstract definition of a graph
consisting of nodes and edges according to Fig. 1.
Table 1 contains an overview of the prefixes used for the re-
alization of the ontology. The prefix into refers to a names-
pace that is used by all classes and properties specifically

⁴https://app.korfin.de/ontology/into

created for INTO. In this regard, the INTO ontology uses
terminology from RDFS (prefix: rdfs) and OWL (prefix:
owl).

Table 1: Namespaces and prefixes used in this article
Prefix Namespace
rdfs https://www.w3.org/2000/01/rdf-

schema#
owl https://www.w3.org/2002/07/owl#
into https://app.korfin.de/ontolo-

gy/into#

An important implementation aspect is that edges are not
formalized as OWL object properties but instead as named
individuals. The primary reason for this design decision
is that not only nodes are referenced by lower and higher
topology abstraction levels but also edges, thus requiring
a form of linking mechanism for statements. One possible
solution would be the use of the RDF extension RDF-star⁵,
which allows the direct linking of complete RDF state-
ments to other resources. However, RDF-star is not in-
terpretable by most OWL reasoning engines, thus reduc-
ing the overall applicability of the ontology in an OWL
context. The same applies to alternative graph models,
e.g. the graph database Neo4J⁶. For this reason edges have
been modelled as individuals according to the ontology
design pattern ”N-ary Relations”⁷. Thus, each instance
of into:edge is connected to two instances of into:node
via subproperties of into:connectsToNode but in addition
can also be referenced by other instances of into:Topologi-
calElement of higher or lower topology layers. Direct con-
nections in the form of auxiliary object properties are in-
ferred by reasoning corresponding property chain axioms.
The core concepts of INTO are shown in Fig. 5. There,
each topology, be it a micro- or macrotopology, is rep-
resented as instance of into:Topology. Corresponding
nodes (into:Node) and edges (into:Edge) are assigned to
the topology trough respective object properties (into:con-
tainsNode or into:containsEdge). In this regard, the
into:Topology instance is used as container object for
storing the topological components. The actual topol-
ogy is defined by assigning into:Node instances as start-
and end-node to instances of into:Edge via the object
properties into:startsAtNode and into:endsAtNode, thus
implicitly defining the edge direction. The properties
into:startsAtNode and into:endsAtNode are sub proper-
ties of into:connectsToNode, which is an inverse object
property of into:connectsToEdge. Thus, by using a prop-
erty chain axiom that infers the object property into:is-
Connected if an instance of into:Node is connected via
into:connectsToEdge to an instance of into:Edge and that
edge representation connects to a different instance of

⁵https://w3c.github.io/rdf-star/cg-spec/editors_
draft.html (accessed April 03, 2024)

⁶https://neo4j.com/ (accessed: April 03, 2024)
⁷https://www.w3.org/TR/swbp-n-aryRelations/ (accessed:

April 03, 2024)

423



into:Node via into:connectsToNode it is possible to model
direct connections between nodes through reasoning.
The symmetric property into:inverseToEdge allows the
definition of an edge that has an inverse direction com-
pared to another edge and thus opposing start and end
points.
Both classes into:Node as well as into:Edge are subclasses
of the generalizing class into:TopologicalElement. Fur-
thermore, into:Node and into:Edge have additional sub-
classes that are used for topological elements in macro-
topologies (into:MacroNode and into:MacroEdge) and
microtopologies that are linked with a geometry-based
alignment (into:AlignmentNode and into:AlignmentEdge).
An essential part of the proposed topological concept is the
aggregation of topological elements, e.g. the aggregation
of inner nodes in a macro node or macro edge. Therefore,
each instance of into:TopologicalElement can aggregate a
number of other instances of the same class via the ob-
ject property into:aggregatesTopologicalElement. On the
other hand the inverse relation via into:isAggregatedBy-
TopologicalElement is also possible. Thus, inner nodes
and edges as well as outer nodes and edges can be realized
for each topological element.

OWL Realization of Microtopology
Modeling a microtopology is realized through alignment
nodes (into:AlignmentNode) as specialized subtype of a
node and alignment edges (into:AlignmentEdge) as spe-
cialized subtype of a common edge. These are the only
types of nodes or edges, which are related to the align-
ment via alignment sections and thus are related to the rail
geometry.
For each alignment section two alignment edges can be
modeled, since in the directed, labelled graph each direc-
tion is represented through its own edge. Therefore, for
each instance of into:AlignmentEdge a reference to the re-
spective instance of into:AlignmentSection is necessary as
well as a definition of the direction via the data property
into:direction.

OWL Realization of Macrotopology
Macrotopologies are defined via macro nodes
(into:MacroNode) as specialized subtype of nodes as
and macro edges (into:MacroEdge) as specialized sub-
type of edges. Macro nodes and macro edges connect
respectively the corresponding nodes and edges of lower
topology levels. For simplified calculations, the inner
nodes are separated from the outer nodes and the inner
edges from the outer edges in a macro node. A macro
edge also has this separation, although it cannot have any
outer nodes. Macro nodes and macro edges describe an
independent, directed, labelled graph.
Thus infrastructure elements can be separated and ab-
stracted from each other. The alignment is abstracted
topologically via the microtopology including mapped
switches. A topological track plan could be obtained by
merging the switches into macro nodes and defining the

connecting macro edges. For example, if the macro nodes
of all points of a station and possible multi-tracks between
the stations are summarized in macro edges, it would be
possible to get Line network plans. Furthermore, it is pos-
sible to determine comprehensive network maps by com-
bining stations into agglomerations in further macro nodes
as well as combining routes including ”intermediate sta-
tions” into macro edges.

Connecting Topology with Geometry
To define the topological node-edge model independently
from the underlying geometry, additional linking elements
are used (see Fig. 7). The core elements for this are
alignment sections (into:AlignmentSection) and alignment
stations (into:AlignmentStation), which define the align-
ment positions. Instances of both of these classes can be
assigned to an instance of into:Alignment that represents
the alignment via the object properties into:partAlignment
for linking alignment sections and into:containsStation for
linking alignment stations. Additionally, an inverse object
property of into:partOfAlignment named into:dividedBy-
Section could be utilized in the modeling process.
An alignment section is defined through a start station
and end station both positioned on the same alignment.
Therefore, instances of into:AlignmentStation are assigned
to an into:AlignmentSection instance via the properties
into:startsAtStation and into:endsAtStation. Since the sta-
tions are defined as OWL individuals they can be reused in
the modeling process, e.g. the end of an section is usually
the start of the next section on the same alignment.
The configuration of an alignment section consisting of
multiple sub-sections from different alignments, which
could happen for example through different planning
sections or sectional remeasurement, could be realized
through a specialized alignment that is linking multiple
alignment sections.
Thus the geometry reference is completely described and
independent of the geometric construction, i.e. the topol-
ogy can be defined at any point on the geometry.
The proposed concept can be generalized to point and line
objects. Consequently, an instance of into:AlignmentSec-
tion represents a special line object and an instance of
into:AlginmentStation a special point object. The fur-
ther topological view is limited to the geometric reference,
which is also defined by the generalization. Via property
chain axioms alignment sections can also be assigned au-
tomatically to alignments if they define the start or end of
a corresponding alignment section.
The connection between the alignment section and
the topology is realized through linking instances of
into:AlignmentSection and into:Alignment with micro
edges realized through into:Alignment. Therefore, the
object properties into:assignedToSection and into:as-
signedToAlignment are used. Furthermore, the rela-
tion into:assignedToAlignment between into:Alignment-
Edge and into:Alignment can be inferred if the respec-
tive instance of into:AlignmentEdge is connected to an in-
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Figure 5: Core concepts of the topology part of the proposed OWL ontology

Figure 6: Inheritance concept for topological components

stance of into:AlignmentSection via into:assignedToSec-
tion and that representation of alignment section is linked
to into:Alignment via into:partOfAlignment. The geomet-
ric data can either be linked directly in the OWL graph
by using auxiliary ontologies such as the File Ontology
for Geometry (FOG) (Bonduel et al., 2019) or by defin-
ing a separate link model, e.g. a linkset in an Informa-
tion Container for Linked Document Delivery (ICDD) ac-
cording to ISO 21597. Additionally, further management
of the alignment representation could be utilized via the
Ontology for Managing Geometry (OMG) (Wagner et al.,
2019).

Application of the OWL Topology
To demonstrate the developed ontology an exemplary ab-
straction between two topological levels to represent a sim-
ple rail switch have been modeled as ABox using the TBox
described in the previous section. The structure of the
switch is the same as shown in Fig. 4. The topology ex-
ample has been modeled as OWL ontology and uploaded
in a locally hosted GraphDB⁸ triplestore. Fig. 8 shows a
graph visualization whereby the focus node is vi.
By reasoning the modeled assertional graph (Abox) that
stores all factual information against the terminology
(TBox) of the INTO Ontology, aggregations of topolog-

⁸https://graphdb.ontotext.com/ (accessed: April 03, 2024)

ical elements of the macro topology towards a microtopol-
ogy can be inferred and vice versa. For instance, for the
nodes v0, v1 and v2 the outer node vi has been automat-
ically inferred if vi assigned these nodes as inner nodes.
Furthermore, all inner edges e01, e10, e02 and e20 are also
linked. Consequently, v itself is a directed, labelled graph.
By processing the graph in a reasoning engine direct con-
nections (into:isConnected) can be inferred for all nodes
that belong to the same edge. For example, v0 is connected
to v1 and v2, while v1 and v2 share no connection with each
other.
For a high-performance evaluation of the node at runtime,
it is advised to set up a path matrix across all outer nodes of
the macro node, i.e. a statement whether v1 can be reached
via v2. However, this is not part of the ontology model.
The macro edges refer to their corresponding micro edges,
e.g. eAi refers to eA0, and if available their corresponding
enclosed micro nodes.

425



Figure 7: Concept for ontological alignment representation

The presented concept can also be used recursively for all
higher-level macrotopologies.
In general the abstraction of the ontology involves the fol-
lowing steps:

1. Definition of the nodes and edges to be abstracted,
so that the necessary nodes and edges can be clearly
assigned to a higher abstraction level in a node-edge
model.

2. Creation of the new macro nodes and internal struc-
ture by referencing the associated nodes and edges.

3. Creation of the new macro edges and of the inner
structure by referencing the associated nodes and
edges.

4. Linking the new macro nodes and macro edges via
the back references of the outer nodes and edges.

5. Temporary creation of path matrices for macro nodes
and macro edges via the inner structures.

Figure 8: OWL ontology example in GraphDB

Based on the requirements defined in the ”Methodology”
section various SPARQL queries could be applied that

make use of the topology structure and inference mecha-
nisms to provide information about the infrastructure net-
work and validate the ontologies functionality. For in-
stance Query 1 identifies elements of higher and lower ab-
straction layers for a set of topological elements.

Listing 1: SPARQL Query for Topological Aggregation
SELECT ? e l emen t ? lowerE lemen t ? h i ghe rE l emen t
WHERE {

{
? e l emen t i n t o : a g g r e g a t e sTop o l o g i c a l E l emen t ?

lowerE lemen t .
OPTIONAL {

? e l emen t i n t o : i sAgg r eg a t e dByTopo l og i c a lE l emen t ?
h i gh e rE l emen t .

}
}
UNION
{

? e l emen t i n t o : i sAgg r eg a t e dByTopo l og i c a lE l emen t ?
lowerE lemen t .

OPTIONAL {
? e l emen t i n t o : a g g r e g a t e sTop o l o g i c a l E l emen t ?

h i gh e rE l emen t .
}

}
}

Based on the requirement that the lowest abstraction layer
should represent the exact physical infrastructure net-
work, queries for selecting information about instances of
into:AlignmentEdge, e.g. in Query 2 could be applied.
Thereby, Query 2 is used for determining the starting and
ending station of each alignment edge. A similar query
could be applied for instances of into:AlignmentSection.

Listing 2: SPARQL Query for Alignment Edges
SELECT ? edge ? s t a r t ? end
WHERE {

? edge a i n t o : Al ignmentEdge ;
i n t o : s t a r t s A t S t a t i o n ? s t a r t ;
i n t o : e n d sA t S t a t i o n ? end .

}
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Conclusions
In this paper a concept for a topology that represents traf-
fic nets has been proposed. In addition a corresponding
prototypical ontology has been formalized in OWL and il-
lustrated in an example of representing a simple switch.
The topology can be structured in multiple abstraction lev-
els. In this regard two level types are used: (1) Micro-
topologies that describe the traffic net at the lowest abstrac-
tion level and reference to a geometric representation and
(2) Macrotopologies that describe a higher topological ab-
straction of the traffic net and therefore are based on lower
microtopologies or macrotopologies. An important aspect
is that multiple macrotopologies can refer to the same mi-
crotopology in parallel for various use cases, allowing the
use of domain specific topologies for e.g. train transporta-
tion or route junctions.
One key aspect is that edges are not classified as OWL ob-
ject properties when modeling the topological concept in
an ontology. The main reason for this is that individu-
als that represent edges need to reference other edges in
order to abstract the topology in multiple levels of differ-
ent hierarchies. A combination of RDF-star and OWL has
been considered but was not applied due to inference is-
sues when processing the ontology in an OWL reasoning
engine.
The topology can be used in various user scenarios. For
example, a model for data exchange can be made available
for traffic flow analyses and simulations. The topology
can also act as the foundation of further BIM-supported
infrastructure planning by providing a basic geometry-
independent model. It is subject of future research how
the developed ontology could be aligned with other on-
tologies used in infrastructure and construction planning,
e.g. the Bridge Topology Ontology (BROT) (Hamdan and
Scherer, 2020) or the Rail Topology Ontology (Bischof
and Schenner, 2021). Furthermore, geodata ontologies
such as the GeoSPARQL Ontology (OGC GeoSPARQL
StandardsWorking Group, 2024) could be utilized for geo-
referencing the components of the topology. In order to
ensure the practicability of the topology concept and the
ontology, both developments must be applied in compre-
hensive test cases as part of future research.
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Abstract 

Leveraging 106 engineers' expert assessments of 
preliminary structural design in 48 reinforced concrete 
building models, we compiled two experimental Graph 
Neural Network (GNN) tools to demonstrate feasibility 
for automated classification of structural schematic 
layouts, a key step toward building generative artificial 
intelligence (AI) tools for design. Contributions include a 
robust project database, a model-to-graph conversion tool, 
and a structural design scoring application. 
Acknowledging limitations related to modelling 
assumptions and a relatively small dataset, this research 
clarifies the opportunity and the obstacles to AI-driven 
advancements in preliminary structural design. 

Introduction 

The construction industry has seen remarkable advances 
in computational tools, from 3D modelling to finite 
element analysis. One critical aspect has remained 
relatively untouched: the preliminary design phase, a 
creative step where engineers propose conceptual 
structural layouts using heuristic rules (Caprani, 2009). 
Despite the availability of sophisticated tools for detailed 
design, the quality of results is often constrained by 
suboptimal preliminary designs. While optimization 
algorithms like genetic algorithms are available for 
engineering design (Katoch et al., 2021), they face 
challenges in execution simplicity, adapting to changing 
standards, and precise programming. This research 
explores whether deep learning can be used at the 
preliminary design stage to simulate the experience of 
senior engineers, offering faster, cheaper, and more 
accurate solutions. Focusing on reinforced concrete (RC) 
structures, we address the scarcity of AI applications in 
preliminary design, particularly within the construction 
industry (Afzal et al., 2020). The research aims to 
leverage recent developments in AI and machine learning 
to better automate the preliminary design process, with a 
specific focus on structural plans classification. 

Background 

Engineering Design and Automation 

Engineering design, a creative and iterative process, has 
seen a surge in automation using AI techniques, aiming to 
enhance efficiency, reduce costs, and improve design 
quality. Expert systems, an early AI development in the 
1970s and 1980s, simulated human decision-making by 
using a knowledge base, and were applied in various 
engineering fields to make decisions and solve problems 
(Rychener, 1988). However, the emergence of more 
advanced AI algorithms, such as machine learning, neural 

networks, and deep learning, has surpassed the limited use 
of expert systems (Medsker, 1995). 
The AEC (Architecture, Engineering, and Construction) 
industry has witnessed significant advancements in AI 
applications, notably in architectural layout design and 
generative design. The use of Generative Adversarial 
Networks (GANs) for architectural conceptual design (As 
et al., 2018), floor plan generation through rectangular 
dual finding algorithm (Wang et al., 2018), and automated 
apartment plan generation using genetic algorithms 
(Laignel et al., 2021) exemplify the industry's adoption of 
AI. AI's influence extends beyond architecture to 
construction, with applications like predicting labour 
costs (Huang and Hsieh, 2020), estimating assembly costs 
of flooring systems (Elhegazy et al., 2022), and 
employing Deep Convolutional Neural Networks (CNNs) 
for automated assembly of lunar construction components 
(Zhou et al., 2020). Start-up companies like “FIRMUS” 
(Abecasis and Amar, 2019), “Daisy” (Selvaraj et al., 
2019), and “Structure Plus” (Jozi et al., 2019) further 
demonstrate the feasibility and effectiveness of 
incorporating AI in the AEC industry, enhancing design 
efficiency and optimizing structural elements. 

Artificial Intelligence and Structural Design 

Over the years, AI has advanced significantly, and the 
integration of Building Information Modelling (BIM) has 
become commonplace. The rationale for employing AI in 
preliminary structural design is rooted in the recognition 
that this phase demands substantial creative input, 
combining engineering expertise, wisdom, and judgment 
(Samuel and Weir, 1999). While traditionally deemed 
difficult to simulate with rule-based tools, recent 
developments showcase the ability of advanced tools, 
such as Artificial Neural Networks (ANNs), to emulate 
these qualities by drawing inspiration from human brain 
neurons and incorporating engineering experience 
through prior data collection. Noteworthy applications 
include the use of ANNs for tall building design (Anwar 
et al., 2015), design response grammars and evolutionary 
algorithms for conceptual layouts creation (Boonstra et 
al., 2020), and reinforcement learning for optimizing 
plane frames (Hayashi and Ohsaki, 2020). Recent 
examples span diverse areas, such as accelerating the 
exploration of shell structure topological design (Zheng et 
al., 2020), designing RC columns with ANNs surpassing 
traditional design charts (Charalampakis and 
Papanikolaou, 2021), automating shear wall design for 
residential buildings using a method called StructGAN 
(Liao et al., 2021), and recommending early-stage 
structural design with minimal errors (Ampanavos et al., 
2022). These advances collectively highlight the potential 
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of AI to revolutionize the structural design phase, offering 
expedited and precise design solutions while minimizing 
costs and computational resources. 

BIM and Graph-based Representation of Structures 

Building Information Modelling (BIM), introduced in the 
seminal article "The Use of Computers Instead of 
Drawings in Building Design" (Eastman, 1975), has 
evolved into a crucial platform for detailed geometry 
exploration, interference resolution during early design 
stages and more, as evidenced by a study on modular 
housing design (He et al., 2021). Parametric design, 
integral to BIM, involves defining model families or 
element classes with rules controlling parameters. This 
approach facilitates the integration of AI in structural 
design by enabling computers to comprehend and control 
structural models. Unlike humans, computers rely on 
parametric objects, aligning with the principles of object-
oriented programming. While the IFC schema (ISO 
16739-1, 2018) is the standard for BIM data exchange, 
challenges persist, leading to inaccuracies and 
information loss (Sibenik and Kovacic, 2020). Recent 
solutions, such as invariant signatures (Wu et al., 2021a), 
and semantic enrichment via machine learning (Bloch and 
Sacks, 2018), aim to address these issues. Additionally, a 
shift towards graph-based representation in structural 
design, exemplified by studies like structural optimization 
using genetic algorithms and ANNs (Chang and Cheng, 
2020), indicates a growing trend in data processing 
methods, offering potential for further exploration and 
improvement. 

Graph Neural Networks in Engineering 

The advantages of graphical representation in BIM 
models lead to proposal of GNNs for reliable and efficient 
structural design using AI. GNNs, introduced in 2009 
(Scarselli et al., 2009), have demonstrated significant 
power in various domains, such as financial networks and 
molecular structures (Xu et al., 2022). Practical 
applications of GNNs in fields like internet traffic 
optimization (Bernárdez et al., 2023), stock classification 
(Xu and Zhang, 2023), and predicting microbe-disease 

associations (Jiang et al., 2023) are emerging. In the 
context of BIM models, which inherently possess 
complex relationships and dependencies, GNNs offer a 
natural solution for their non-Euclidean structure (Wang 
et al., 2021). Notably, the Graph Convolution Network 
(GCN) appears promising for classifying graphs 
representing BIM models, leveraging convolution to learn 
from node connections, akin to classical CNNs but 
tailored for graph structures (Wu et al., 2021b). 

Gaps in Knowledge and Research Aims 

Despite advances in graphical representation-based AI 
applications, those learning directly from human input 
remain absent. Moreover, the scarcity of solutions for AI-
driven preliminary building design, emphasizes the need 
for research in this crucial domain (Huang and Fu, 2019). 
Employing the Design Science Research (DSR) 
methodology (vom Brocke et al., 2020), this study aims 
to show the feasibility of automated preliminary 
classification of structural plans using GNNs and 
engineers’ experience. In other words, can AI effectively 
learn from the experience and expertise of human 
engineers through a combination of BIM models and 
engineer surveys? Answering this research question 
involves developing a tool that transforms basic BIM 
structural models into actionable information, enabling 
accurate classification based on a knowledge base of pre-
labelled engineers' structural plans. 

AIPDORCS Concept 

Interviews were conducted with five senior structural 
engineers, each with at least a decade of experience, to 
establish existing preliminary design practices. The 
resulting process was meticulously mapped in a BPMN 
diagram, summarizing the preliminary design process 
from the architect’s requirements until the completion of 
all preliminary design tasks by the structural engineer, as 
shown in Figure 1. Interestingly, the interplay of 
architectural requirements and structural solutions 
matches Maher’s model of co-evolutionary design (Maher 
and Poon, 1996). This visualization underwent validation 
by eight senior structural engineers. The engineers 

Figure 1: The process of Preliminary Structural Design, BPMN diagram. 
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emphasized the iterative nature of the process, likening it 
to a Taylor series, where each step contributes to 
convergence. They revealed diverse preferences in 
material selection, structural elements, and evaluation 
methods, showcasing the complexity of design choices. 
Notably, the interviews underscored the absence of a 
singular truth in structural design, with engineers 
prioritizing factors differently. A new concept emerged 
from this nuanced understanding, aiming to enhance the 
structural design process through AI by incorporating 
diverse insights and automating key aspects. We call this 
new concept “AIPDORCS”, an acronym for "Artificially 

Intelligent Preliminary Design of Reinforced Concrete 

Structures." This concept comprises three stages, as 
shown in Figure 2. The first stage, Data Collection & 

Preparation, involves collecting and preparing data, 
converting structural plans into appropriate formats, 
addressing challenges in BIM model collection by 
utilizing 2D plans, and creating structured data tables for 
graph construction, all of which are essential for training 
a GNN model in the subsequent stage. The second stage, 
Structural Plans Classification, focuses on training the 
GNN model through engineer surveys, employing data 
tables and structural plans obtained from BIM models. 
Finally, the third stage, Structural Design Generation, 
delves into employing optimization algorithms like 
genetic algorithm or deep learning to evolve and refine 
solutions based on the previously trained classifier, 
iteratively until achieving optimal engineering solutions. 
The first two stages are the focus of this study. 

AIPDORCS Development (Stages 1 and 2) 

Structural Plans Collection 

Initial attempts to gather the vast amount of data needed 
for training the supervised learning model, i.e. acquiring 
BIM models from large engineering firms, faced 
challenges due to legal and copyright issues. Requests for 
schematic plans also met with limited success. An 
alternative approach involved leveraging academic 
resources – final project plans from undergraduate 
students. These plans, encompassing diverse structures, 
were obtained with permissions from graduates, yielding 
201 approved plans. The variation in quality within 
student designs proved advantageous, offering a spectrum 
for training the AI model. Subsequently, a database was 
constructed, filtering out non-relevant plans and ensuring 
anonymity by removing personal information. This 
database comprised around a hundred structural plans, 
predominantly in PDF format. 

Plans to Models 

Structural plans in PDF or DWG format were deemed 
unsuitable for training the GNN model based on 
engineers' experience, due to their lack of essential 
information. The chosen solution involved manual 
conversion of 2D plans, of typical residential and 
commercial buildings, into intelligent 3D BIM models 
using Autodesk Revit software (Autodesk, 2022). 

Recognizing the absence of flawless automatic 
conversion applications, a meticulous workflow was 
developed for manual modelling, addressing challenges 
of human error and maintaining a clean, uniform model 
database. 
The modelling process started with loading a premade 
template into each project, resolving scale issues, and 
utilizing Autodesk Revit’s "Snap" tool to identify and 
correct discrepancies. The modelling workflow included 
distinct steps for modelling walls, columns, beams, and 
slabs. Each element type was carefully modelled, 
considering specific rules such as ignoring windows and 
small openings, simplifying door modelling, addressing 
various complexities in columns, and modelling a 
separate slab for each space. Completing the models 
included crucial steps like "Join Geometry" automation 
for correct connectivity between structural elements, 
element numbering for referencing, manual checks by the 
researcher to ensure database quality, and sheet creation 
for later survey reference. Each model was assigned the 
following global parameters: building function, number 
of floors and gross height. Plans deemed unsuitable for 
the study, such as bridges or small houses, were excluded. 
In total, 48 projects were modelled. 

Models to Data 

In the transition from BIM models to usable data, Dynamo 
(Autodesk, 2020), a visual programming language for 
Autodesk Revit, was employed to automate the 
conversion process into structured CSV files. The feature 
engineering aspect of this stage focused on creating an 
equal number of features for each structural element. 
Geometric properties such as dimensions in three 
directions and volume were considered, avoiding 
redundancy. Noteworthy is the decision to exclude 
element location coordinates, deeming them unnecessary 
for preliminary design as the focus was on the geometry 
of elements and their connections. 
Feature engineering aligned with accepted design 
practice, was primarily based on the calculation of the 
"limitation of slenderness." A uniform assumption of 30 
MPa concrete with limestone aggregate was made for all 
elements. The Dynamo script categorized objects into 
groups of nodes, which facilitated the extraction of global 
parameters, adjusted gross height, and extracted 
geometric properties and connections for beams, walls, 
columns, and slabs. Unique challenges arose in feature 
engineering for columns, where complex cross-section 
shapes were converted to equivalent rectangular cross-
sections. Similarly, for slabs, irregular shapes were 
converted to equivalent rectangular slabs based on the 
largest inscribed circle’s diameter, and the distance of the 
slab’s centroid from nearest vertical support elements.  
In total, each CSV file extracted for each structural 
element type included three geometric dimensions, 
volume, automatically numbered element ID, and a list of 
connections to different elements, forming a foundation 
for subsequent analysis and classification stages. 
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Figure 2: AIPDORCS Concept Diagram 
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Engineers’ Challenge 

The "Engineers’ Challenge" online portal was compiled 
to facilitate labelling of structural plans for training the 
GNN model. Structural engineering experts were asked to 
use the portal to review plans presented to them at random 
from the set of 48 projects, and to give scores to the 
overall design and to annotate the individual design 
elements with their design critique (by selecting design 
faults from a list). The result was a comprehensive dataset 
for automated structural design with AI. 
Compilation of the portal tool required identifying the 
critical aspects of preliminary structural design, designing 
an effective and efficient user experience, and considering 
engineering discretion while crafting questions. Given the 
unique nature of the survey – requiring feedback on 48 
distinct structural plans – back-end project database 
management and user interface considerations were 
paramount. No available survey compilation tool could 
satisfy the requirements, and thus the portal was 
programmed from scratch utilizing JavaScript through the 
Wix API (Velo, 2006). 
The portal’s dialogs cover project data, element 
comments, and general comments with an overall score. 
The survey is available online at the AIPDORCS’s 
website (Argaman, 2020). Note the addition of comment 
properties to each element, improving results by 
incorporating engineering aspects such as cross-sectional 
area, cost, simplicity of execution, and element 
slenderness. Users could provide feedback on specific 
elements, offering a comprehensive view of the structural 
plans. Moreover, the general comments allow users to 
review the global plan as a whole, considering comments 
such as ‘inadequate vertical support’, ‘uneconomical 
design alternative’ and ‘implementation difficulty’. 

The survey generated valuable responses, with 112 
feedbacks obtained, including scores for all 48 models. 
The results and analysis of the survey contributed 
significantly to the subsequent stages of the AIPDORCS 
process. 

Data to Graphs 

At this stage, we utilized Python routines to construct a 
graph database for training the GNN model using CSV 
files from Revit models and Engineers’ Challenge 
responses as input. To form graphs from the CSV files, 
preliminary data consolidation and processing were 
required. Each structural element from each BIM model 
is represented as a graph node containing features derived 
from exported CSV files. The natural and error-free 
conversion involved creating a file listing all elements as 
graph nodes with their respective features, incorporating 
both geometric and survey properties.  
Creating graph edges, representing connections between 
nodes, was a more intricate process. The edges capture the 
relationships between structural elements. Given that the 
graph is homogeneous, i.e. all elements shared the same 
number of properties and dimensions, we could represent 
all structural elements with a single node type, named 
"Structural Element", as shown in Figure 3. This figure 
also illustrates the graph creation process from BIM 
models, focusing on a segment of Project 001 from the 
AIPDORCS database. 

Figure 3: An illustration of the graph creation process, based on Project 001’s BIM model 
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The Python code for this stage is organized into three 
files: 

1. data2graph: The main file, orchestrating the process
of building a graph database from CSV files.

2. classes: Defines classes for structural elements,
graph nodes, and graph edges, adhering to object-
oriented programming standards.

3. websiteData: Manages functions related to
extracting and processing information from the
Engineers’ Challenge CSV file.

The code follows object-oriented programming standards, 
ensuring readability and maintainability for future 
research, and appears on AIPDORCS GitHub repository 
(Argaman, 2022). It uses standard Python libraries for 
data science, with a focus on DGL (Deep Graph Library, 
2018) for creating graphs and training the GNN model. 
Upon running the code, graphs are generated, exemplified 
by Figure 4, which shows the graph extracted for Project 

001 from the BIM models database. This visual 
representation exhibits element numbering and their 
geometric connections, providing a means for validation 
against the original structural plans.  

Figure 4: Graph of Project 001’s BIM model 

Graph Neural Network 

Two experiments were conducted utilizing GNNs, or 
more specifically GCNs, for classifying structural design 
plans with a pass/fail grade according to a certain 
threshold. Experiment 1 was based on geometric model 
graphs, where 48 graphs correspond to 48 projects, with 
graph nodes containing only geometric features (four 
features: Dim 1, Dim 2, Dim 3, and volume). Figure 5 
shows the ANN structure of experiment 1. 

Figure 5: Experiment 1 artificial neural network structure 

Experiment 2 is based on engineering feedback graphs, 
where 106 graphs correspond to 106 valid portal 
responses, with graph nodes containing all 14 features 
(geometric properties, survey comment properties, and 
points subtracted for comments). Figure 6 illustrates the 
ANN structure of Experiment 2. 

Figure 6: Experiment 2 artificial neural network structure 

The architecture of the networks for both experiments is 
illustrated in Figures 5 and 6 respectively. The networks 
are structurally identical, with variations in the number of 
features in the input layer based on the experiment. 
Careful experimentation and evaluation are essential in 
determining the most suitable hyperparameter values for 
achieving the best results, and avoiding overfitting. In 
both experiments, the output labels were the Engineers’ 

Challenge overall scores, converted to a binary value by 
the average score threshold. The data was split to an 80% 
training set and a 20% test set, and the following 
hyperparameters were selected by testing and tuning: 
number of hidden layers: 2, hidden dimensions: 16, 
activation function: ReLU, learning rate: 0.005, and 
number of epochs: 200. 

Results 

Engineers’ Challenge 

A total of 112 responses were gathered through the portal, 
six of which were deemed invalid and filtered out. The 
analysis of the survey results revealed insights into the 
engineers' perspectives and highlighted their attention to 
specific elements, as well as the distribution of feedback 
across different categories. 
When comments were given on specific elements, the 
majority of engineers provided an average of three 
comments on each, demonstrating a conscientious 
approach to the task. Additionally, 58 written comments, 
categorized as "Additional Comments", required manual 
conversion to relevant element features, showcasing the 
depth of insights shared by engineers. The distribution of 
element comments illustrates that issues related to the size 
of the element's cross-section were the most frequently 
noted, emphasizing the significance of this aspect in the 
eyes of experienced engineers. 
Furthermore, analysis of overall scores revealed a 
predominantly positive trend, with most models receiving 
scores above 70. Outliers with lower scores were 
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investigated, leading to the identification and correction 
of errors in feedback or potential typing mistakes. The 
survey results also prompted an examination of the 
relationship between the extent of engineers' years of 
experience and the scores they assigned. The findings 
suggested a deviation in scores based on experience, with 
less experienced engineers tending to give higher scores. 
However, the scores did not exhibit a consistent trend, 
emphasizing the need for further data collection to draw 
more conclusive insights. Overall, the Engineers’ 

Challenge portal provided a valuable dataset for 
understanding expert opinions on structural plans, laying 
the groundwork for subsequent experiments with GNNs. 

Experiments 

The outcomes of the GNN experiments exhibited 
variability across runs, influenced by both the inherent 
randomness in the code and the model's instability arising 
from limited data in the database. Focusing on the most 
promising runs, the analysis employed standard data 
science performance metrics, derived from a binary 
classification's confusion matrix: Accuracy, precision, 
recall, and F1-score.  

Table 1: Experiments performance comparison 

Accuracy Precision Recall F1 Score 

Experiment 1 60.0% 57.1% 80.0% 66.7% 

Experiment 2 68.2% 75.0% 88.2% 81.1% 

The results, detailed in Table 1, highlight Experiment 2's 
superior performance compared to Experiment 1 across 
all metrics. The larger dataset and richer feature set in 
Experiment 2 contributed to its enhanced precision, recall, 
F1-score, and overall accuracy. These findings underscore 
the potential of GNNs in structural design classification, 
suggesting that leveraging extensive and diverse datasets 
can significantly enhance the performance of GNN-based 
classifiers, offering promising prospects for their 
application in preliminary structural design assessments. 

Discussion 

The AIPDORCS concept introduces an innovative 
approach, setting it apart from existing works in the realm 
of structural engineering. Integrating AI with human 
expertise, this concept redefines the preliminary structural 
design process, offering a unique solution. In the 
modelling phase, which produced 48 BIM models, 
opportunities for improvement were identified. They 
included refining geometric connections and expanding 
the features of structural elements, which would yield a 
heterogeneous graph. Unequal scoring patterns revealed 
in survey responses necessitate further considerations, 
like re-scoring based on comments and normalizing 
scores by engineers' experience clusters. The structural 
plan classification experiments yielded promising results, 
particularly with the utilization of engineering feedback 
graphs, showcasing the potential of leveraging survey 

data for precise structural design classification. However, 
employing 5-fold cross-validation emerges as a key 
recommendation to ensure dataset representativeness, 
detect overfitting, and bolster model generalization.  
The technical and research limitations present crucial 
aspects to address. Technical limitations, such as support 
for specific building patterns and materials, indicate areas 
for improvement and expansion. Research limitations, 
including a small dataset and a limited number of 
feedbacks, underscore challenges related to 
generalizability and robustness. Issues like varying scales 
of overall scores and limited time and resources further 
emphasize the complexities and constraints of the study. 
While the two initial experiments offer valuable insights, 
the need for additional experiments on a larger and more 
diverse dataset is recognized. Notably, the use of 
comments as features in Experiment 2 prompted 
consideration of the applicability of this approach in a 
real-world AI tool. These limitations shape the context of 
the study and offer directions for future research, 
emphasizing the need for a comprehensive and conclusive 
evaluation of the proposed approach for scoring structural 
plans using GNN. 

Conclusion 

Through the execution of two experiments utilizing 
GNNs, this study established the basic feasibility of 
automating structural plans classification, underscoring 
the potential to enhance accuracy and efficiency in the 
design process. Nevertheless, further research work is 
required to reliably answer the research question. 
Acknowledging concerns among engineers about AI's 
role in the creative phase of design, this study emphasizes 
a collaborative approach, asserting that AI can augment 
human capabilities without replacing them. The 
concluding sentiment draws inspiration from Charles 
Darwin's principle of adaptability, encouraging engineers 
to embrace AI's transformative potential in structural 
design, foreseeing a future where the integration of AI not 
only optimizes processes but also fosters innovation. 
This study contributes to the field of civil engineering by 
proposing the AIPDORCS concept, innovatively 
transforming BIM models into GNN-ready graphs. 
Additional contributions encompass the development of a 
robust database, an automated model-to-graph solution, 
and a scoring program for structural plans. These 
innovations offer valuable resources, time-saving tools, 
and educational applications, positioning the research at 
the forefront of AI-assisted structural design. To 
conclude, this research marks a valuable step toward a 
future where AI and human expertise harmoniously shape 
the landscape of structural engineering.
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Abstract
The current IT paradigm in the built environment is mis-
aligned with sustainability policy. Previously proposed
ontologies for Asset Management, such as life cycle anal-
ysis, lack complete concepts to cater to a wide stakeholder
group. This paper describes a more comprehensive asset
management software landscape. It details the initial de-
velopment steps using the Linked Open Terms methodol-
ogy including requirements gathering and ontology con-
ceptualisation. A modular ontology landscape is proposed
including top-level, domain-wide concepts and modular,
application-specific concepts; a scenario suited to the par-
ticularly broad domain needs.The work fosters consensus
in the domain and we propose alignment/extension with
the existing RealEstateCore standard.

Background

The future of asset information management

In line with sectoral goals to reduce emissions in the built
environment, various policy mechanisms exist. These in-
clude emissions target-setting, as well as a trajectory to-
wards mandatory reporting on how efficiently assets and
organisations use resources throughout their lifetime. Ex-
amples include the recent Corporate Sustainability Re-
porting Directive (European Commission, 2023) aimed
at organisations generally, as well as the EU’s ambitious
Level(s) framework (European Commission, 2022) fo-
cused specifically on the built environment. Addition-
ally, within financial markets, the value of a building
is increased in investors’ eyes by obtaining environmen-
tal certifications (such as LEED, BREEAM etc.) which
evaluate lifetime performance around various metrics.
This phenomenon reflects a shift in values where high-
consumption, environmentally unfriendly assets become
a business risk in a decarbonised future (Dumrose and
Höck, 2023). In this context, Asset Managers (AMs) play
an important role as the discipline tasked with operating
and maintaining built assets, particularly throughout their
in-use phase where the majority resources are consumed
(Geekiyanage and Ramachandra, 2018). As a result, AMs
have a significant influence on the sustainability and re-
sulting value of buildings and infrastructure.
AMs rely on various indicators to make value-based deci-
sions and assess the operational performance of facilities,
evaluating decisions by balancing cost, risk and perfor-

mance (Fang et al., 2022). This approach aligns conceptu-
ally with the Life Cycle Sustainability Assessment (LCSA)
methodology which evaluates an asset through a holistic
financial-social-environmental lens (Figure 1). LCSA pro-
vides a comprehensive view of an asset’s resource con-
sumption over its entire life, enabling evidence-based de-
cision making supported by long-term value rather than
solely focusing on short-term, or initial investment costs
(Kehily and Underwood, 2017). This approach contrasts
with the typical practice which tends to prioritise imme-
diate investment expenses, often neglecting the broader
implications of decisions over time (Grzyl et al., 2017),
a tendency which, according to Collier (2018), is part of
a much wider phenomenon of short-term-ism in the finan-
cialised built environment and current workings of capital-
ism. To conduct LCSA analysis using IT systems, AMs re-
quire structured information about facilities; however, this
information is frequently unavailable due to the widely-
recognised inadequacy of current information manage-
ment practices (Gao and Pishdad-Bozorgi, 2019). Addi-
tionally, the software required to perform these insightful
analytics is often unsuitable. Existing LCSA applications
tend to be either too costly, lack the flexibility to meet spe-
cific stakeholder needs, or simply be unavailable altogether
(Shaw et al., 2024). As a result, AMs currently rely on la-
borious, error-prone, ad-hoc analyses to support their de-
cisions. Consequently, the potential benefits of LCSA are
not being widely realised.

Figure 1: Conceptual overlap between AM decision-making and
the holistic LCSA methodology
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Ontologies can be used to organise domain knowledge in
a formalised manner within IT system, facilitating infor-
mation management and automation through inheritance
and logical reasoning. Furthermore, ontologies can im-
part consensus semantic meaning to data shared over the
web, referred to as Semantic Web Technology (SWT), a
direction suggested by experts in the field as a necessary
next step in LCSA research given the data-intensive nature
of the practice (Salvado et al., 2021). A further advantage
of information management using SWT is the potential for
extensibility for specialised stakeholder needs. Given the
expansive scope of AM activities, this is a logical require-
ment of a future-oriented IT landscape.

Previous efforts in AM-related ontology development
ISO 15978 (European Committee for Standardization
(CEN), 2011) establishes a widely-agreed taxonomy of as-
set lifecycle phases. It serves as a foundational framework
for much of the work in information management to sup-
port LCSA activities, involving the classification of costs
and resources per phase. In accordance with the standard
numerous applications and ontologies have been devel-
oped catering to various LCSA-related use cases (Lu et al.,
2021), of which relevant works are now discussed.
In terms of envisioning software landscape, recent work by
Sobhkhiz et al. (2021) emphasises the necessity of lever-
aging SWTs, enabled by ontologies, to address the sub-
stantial data handling challenges inherent in LCSA. The
authors demonstrate the efficiency gains achieved over tra-
ditional relational database methods. Other studies, such
as Wilde et al. (2022) and Ghose et al. (2022), focus on es-
tablishing a foundational, or top-level ontology, to support
LCSA activities. These studies enable stock-level analy-
sis, and consequently, the outcomes of these efforts do not
support AMs in operational-level decision-making. In the
pursuit of multi-scale analysis and aggregation, a recent
work of significance is the SLiCE datamodel by Röck et al.
(2024) which supports analysis from individual materials
and parts, through building-level and up to the stock-level.
Given the broad scope of AM functions, it is reasonable
that achieving consensus on a universally shared ontology
for the domain remains a challenge; however, the above
initiatives are clearly progressing in this direction.
Another promising development are consolidation and
alignment activities between standards communities. Xie
et al. (2022) propose alignment between the BOT and
BRICKontologies. Their FDMontology establishes a top-
level asset information management concept for data in-
tegration in an effort towards a Digital Twin paradigm in
future. Hammar et al. (2019) pioneered the development
of a now widely adopted ontology tailored for asset own-
ers, with a focus on concepts relevant to smart building ap-
plications and tenancy/leasing. Their collaborative effort,
backed by a consortium of major asset owners in Sweden,
aimed to establish shared domain use cases and describe
these in the RealEstateCore ontology. The standard boasts
a large user base and actively engages in alignment activi-

ties with other leading domain ontologies like Brick (for
building automation systems) and BOT (for topological
building description),
A number of efforts are of note which address specific an-
alytical AM use cases. On the maintenance side, Katsumi
et al. (2022) utilise the Ontology Requirements Specifi-
cation Document (OSRD) development methodology to
identify user requirements for a common AM ontology,
drawing from a specific water treatment plant case study.
Though focused on maintenance work orders, the study
demonstrates a related ambition towards consensus that
could potentially align with our own efforts at a later stage.
Of particular relevance to our specific objectives of con-
ducting multi-criteria LSCA analysis is the research by
Gao et al. (2020) which proposes the LCCAOntology, tai-
lored for generating machine-learning-based financial life
cycle cost predictions at the building level. Though pub-
licly available, this ontology may be overly specific to its
application context and not readily adaptable to the gran-
ular level of detail required for AM decision making.

Synthesis and research method
This body of research showcases a promising, future-
oriented evolution toward effective asset information shar-
ing on the web. However, none of the existing studies
have comprehensively addressed multi-stakeholder needs
for implementing LCSA-informed AM applications, with
a particular gap in operational phase capabilities. A
harmonisation of these efforts will be crucial for sup-
porting decision-making and reporting processes in fu-
ture given the broad expanse of AM activities, and it is
promising to see a recognition of this in the active align-
ment efforts in the community. To this end, the Linked
Open Terms (LOT) ontology development methodology
(Poveda-Villalón et al., 2022) provides a structured ap-
proach for gathering domain requirements for a future on-
tology landscape. This paper describes our initial steps
in this direction, following the research activities as illus-
trated in Figure 2.

Information requirements to support life cy-
cle asset information management
The following information requirements derive from a
combination of research activities. These include exten-
sive reflection on the domain literature, as described in
the previous section, supplementary interviews and dis-
cussions with AM practitioners and ontology developers,
and from our previous practitioner-based research in AM
decision-support system development (Shaw et al., 2024).
In that study we developed a software prototype and refer-
ence architecture to support AMs with a number of funda-
mental use cases relating to financial life cycle cost analy-
sis. The remainder of this paper builds upon this domain
insight, and illustrates our perspective on future AM sys-
tem requirements to support life cycle asset management
more broadly, including a concept for the arrangement of
top-level and modular application ontologies.
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Figure 2: Paper scope - adapted from the generic LOT ontology development methodology, described by Poveda-Villalón et al. (2022)

Concept and use case specification

We envision a democratised IT landscape, and a departure
from the current inflexible, proprietary software paradigm.
This web-based system should be highly customisable (or
extensible) to specific user needs, but with a foundational,
shared top-level ontology which formalises domain
knowledge and logic in line with international standards.
Due to the data-intensive nature of the LCSA activities, a
main purpose of the system is be to integrate inputs over
the web, via either data warehousing or mediation, as set
out by Xie et al. (2022). In this way, multiple stakeholders
from diverse disciplines could make use of the structured
information to suit their specialised analytics needs using
additional modular, application-specific ontologies. The
modularity and Microservices concepts are described by
Pritoni et al. (2021) and Werbrouck et al. (2023), respec-
tively, and our system architecture concept is presented
in Figure 3. For the purposes of this study, and in line
with the LOT methodology, the following use cases are
suitably representative of the multi-stakeholder needs for
the asset life cycle information system.

• Use Case 1: Life cycle analysis at various levels of
granularity and across various indicators (ie. finance,
energy, condition)

• Use Case 2: Decision-alternative analysis (or option-
eering)

• Use Case 3: Performance gap analysis (against a
baseline - supporting performance-based contract-
ing)

• Use Case 4: Reporting in line with policy frame-
works (the EU’s Level(s) methodology, for example)

Non-functional requirements

• Purpose: The system architecture concept aims to
define fundamental information categories for life
asset management and analysis applications, offer-
ing standardised terminology and relationships to
integrate information from diverse IT systems and
sources.

• Scope: Both the top-level and modular application-
specific ontologies are widely generalisable, ensured
by their being based on international standards and
remaining relatively abstract and extensible.
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Figure 3: Concept sketch of the proposed system architecture
with top-level and modular ontologies identified.

• Intended End-Users: Asset managers and owners
seeking insight on decisions relating to an individual
asset or a broader portfolio perspective, and to sup-
port performance contract administration. Design-
ers comparing alternative decisions related to build-
ing, refurbishment, or maintenance projects. Regula-
tors seeking to audit asset performance in accordance
with reporting frameworks.

With the objective of supporting a variety of stakeholders,
the proposed system should be accessible over the web and
have an intuitive interface and functionality. Information
to support LCSA is typically distributed across multiple,
often unintegrated, IT systems, and is a well-established
barrier to wider use. Future AM systems should therefore
integrate information using standardised terminology and
formalise domain knowledge through logic. Because of
the wide variety of contexts to conduct LCC analysis, fu-
ture systems require the flexibility to aggregate informa-
tion consistently, so that assets can be looked at individu-
ally or on an aggregated basis across a portfolio, the SLiCE
data model (Röck et al., 2024) providing a solid foundation
for this. Again, given the wide variety of use cases, a ma-
jor frustration for practitioners in the current IT landscape
is being over-constrained by software. Therefore future
AM systemsmust maintain the extensibility to add cost/re-
source items while maintaining a consistent top-down ap-

proach based on agreed taxonomies and classification sys-
tems. Needless to say, the systems must enable a user to
conduct life cycle analysis based on standardised method-
ologies, namely ISO 15686-5 (International Organization
for Standardization, 2017). A variety a ‘views’ of the anal-
ysis should be possible to visualise including the tempo-
ral nature (discount to present value, future value, pay-
back period), and visual nature (graphs, tabular). Due to
the data-intensive nature of LCSA activities, an important
consideration is validation and trust around the input data.
Therefore, future systems need to demonstrate data qual-
ity in terms of provenance and completeness, the Shapes
Constraint Language (SHACL) (W3C, 2017) providing a
promising technical direction in this regard.

Functional requirements
This sub-section contains excerpts from the Ontology Re-
quirements Specification Document (ORSD). The LOT
methodology allows for the use of various requirements
gathering approaches. Both Tabular and Competency
Question (CQ)-based methods are use in this study. Tab-
ular information includes a specification of Concepts, Re-
lations and Attributes to be encoded in the semantics and
logic of the ontology, as well as typical data types, units of
measurement and cardinality. An excerpt is shown in Fig-
ure 4, denoting between top-level and application-specific
aspects.
Since the concept has yet to be expressed in a formal on-
tology language, we provide informal CQs the proposed
system would be expected to answer. CQs support vali-
dation during the encoding and testing activities. This list
progresses from returning simple attribute values using the
top-level ontology to retrieve distributed data, to increas-
ingly complex queries requiring application-specific ana-
lytics and modular ontologies.

Top-level:
• CQ1 - What is the [Lifetime] of Asset with [As-
setID]?

• CQ2 - Which Assets [List] have a [ResidualValue] >
’0’?

• CQ3 - How many Assets [enumerate] have [Condi-
tion] in range[1-3]?

• CQ4 - What is the average [AnnualEnergyCost] of
Assets with [AssetType]?

Application specific:
• CQ5 - What is the StudyPeriod for the AnalysisEvent
[Scenario1]? Use Case 1

• CQ6 - What is the [LifeCycleCost] for SUM[Assets
IN AssetResister]? Use Case 1

• CQ7 - What is the percentage breakdown between
LifeCyclePhases for Asset [AssetID]? Use Case 1

• CQ8 - Which is the most expensive year given [Anal-
ysisEvent] and which are the Assets being renovated
or replaced in that year? Use Case 1

• CQ9 - Which Asset replacement option [list] has the
lowest LifeCycleCost over StudyPeriod? Use Case 2
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Figure 4: Tabular requirements for modelling financial life cycle cost analysis, gathered per the LOT methodology. Denotes between
top-level concepts and those more appropriately stored within modular application ontologies.

• CQ10 - What is the StudyPeriod which makes Op-
tion1 outweigh Option2 as the cheaper LifeCycleCost
(payback period)? Use Case 2

• CQ11 - What is the percentage reduction in [LifeCy-
cleCost] over [StudyPeriod] for Asset [List] between
Date1 and Date2? Use Case 3

• CQ12 - What is Level(s) Indicator [6.1] for [Asset]
over [StudyPeriod]? Use Case 4 - financial life cycle
cost according to Level(s)

• CQ13 - Which Level(s) Indicators [List] have value
’Null’? Use Case 4

Ontology conceptualisation
A conceptualisation activity is carried out based on the
above requirements. Concepts are arranged using a dia-
gramming tool. Due to the visual nature, this activity is
suitable for collaboration with experts who may not other-
wise be familiar with ontology languages. In this case, in-
put was sought from a number of AM and ontology experts
via supplementary interviews, who gave input on the do-
main logic and hierarchical arrangement of concepts. The

result of this step is an initial ontology concept diagram
(Figure 5).

Potential for reuse and alignment

The LOT authors recommend carrying out an analysis of
potential ontology reuse and alignment only after the con-
ceptualisation stage. Table 1 details the considerations in
this study for reuse and alignment with existing related
ontologies. Based on this assessment it is determined
that the RealEstateCore (REC) ontology is most promis-
ing for alignment or extension due to the many overlap-
ping concepts, significant existing user-base and the com-
munity’s active participation in alignment activities. As an
exploratory step in this direction, Figure 6 identifies over-
lapping concepts in the REC ontology. The conclusion
here is that our lifecycle information management ontol-
ogy concept could potentially be achieved with a relatively
light extension of the REC ontology. Further investigation
will be required, however, to determine the practicality of
this proposal.
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Figure 5: Initial AM Ontology concept denoting top-level and application-specific classes.

Table 1: Existing ontology reuse/extension considerations

Related
ontology

Author Suitable
Concepts

Existing
user base

Alignment
activities

Generality

REC (Hammar
et al., 2019)

Many Significant Active General

SLiCE (Röck et al.,
2024)

Some Minimal Active General

FDM (Xie et al.,
2022)

Some Unknown Active General

BONSAI (Ghose
et al., 2022)

Some Unknown Unknown Macro-
specific

LCCA (Gao et al.,
2020)

Some Unknown Unknown Appl.-
specific

AMO (Katsumi
et al., 2022)

Few Under
development

Unknown case-specific

Discussion
The portrayal of the changing regulatory landscape in the
built environment at the outset of this paper underscores
the growing emphasis on sustainability and resource effi-
ciency. As policy transitions towards mandatory sustain-
ability reporting, the need for robust IT systems which are
fit for purpose, becomes paramount. Life cycle analysis
has emerged as a means to counteract the phenomenon of
short-term-ism in decision-making by viewing impacts of
decision over longer time periods. Our previous research
portrays the current IT landscape as not fit for purpose to
meet future information requirements, and advocates re-
configuration of future systems.
Illustrating our vision for this new software landscape,
we outline a scenario whereby various stakeholders ac-
cess a shared knowledge base, structured semantically
around commonly agreed concepts over the web. Through
specialised, modular applications, stakeholders leverage

this shared knowledge base to suit their specific analyt-
ical needs. Following the LOT ontology development
methodology, we describe the activities in developing an
initial concept, focusing on fundamental AM use cases
which serve a variety of key AM stakeholders. This in-
volves defining the scope and use cases, gathering require-
ments via background research, conceptualising and ver-
ifying the ontology logic with experts, and exploring po-
tential alignment with existing efforts. We present excerpts
from the Ontology Requirements Specification Document
(ORSD), including natural language Competency Ques-
tions (CQs) and tabular information, which lay the ground-
work for encoding domain knowledge in a formal ontology
language. The outcome is an initial conceptualisation of
the AM ontology, with a recommendation for alignment
with the RealEstateCore ontology, a data model which al-
ready describes multiple concepts useful for AM stake-
holders and our use cases. Alignment with the RealEstate-
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Figure 6: Ontology concept highlighting those classes already described within RealEstateCore, an indication of the extent to which
REC would require extension to accommodate our research objectives.

Core ontology presents a strategic opportunity for uptake,
given its existing user base and openness to alignment ef-
forts with other ontology communities. Looking ahead,
our vision for the future IT landscape aligns with the ef-
forts of researchers in the built environment informatics
domain, in particularly the activities of the Linked Build-
ing Data community (W3C, 2022).
Though this study is based upon extensive prior
practitioner-based research in the AM and LCSA
fields, we stop short at validating the ontology through
encoding and testing in real-world scenarios, activities
which remain as future work. Furthermore, though
the selected use cases serve a broad selection of key
stakeholders, the outcomes are nonetheless limited to
describing those few applications. There are, of course,
a vast range of potential uses for such a knowledge base,
which is entirely the objective of the extensible and mod-
ular approach described; but with the rapidly approaching
requirements of the CSRD and other sustainability
reporting requirements, if we are to ensure equitable
participation, it is of utmost importance to support the
domain in managing their asset information particularly
small-medium enterprises. Our next endeavors will focus
on expanding the ontology concept to cover additional
use cases and we will progress through the subsequent
stages of the LOT development methodology activities to
encode and validate the concept, ensuring its applicability
and effectiveness in real-world scenarios.

Conclusions
This paper advocates a paradigm shift in IT systems within
the built environment to align with environmental sustain-
ability policy ambition. Proposing a web-enabled technol-
ogy stack and leveraging the Linked Open Terms (LOT)
methodology, we illustrate a asset management ontology
landscape fit for purpose, allowing for modularity of spe-
cialised stakeholder applications ingesting shared informa-

tion from a common knowledge base. With a focus on
supporting fundamental Life Cycle Sustainability Assess-
ment use cases, our research lays the groundwork for tech-
nical ontology development by gathering domain insight,
outlining functional requirements and conceptualising the
modular ontology landcsape. By reflecting on related re-
search efforts, we highlight the potential for aligning with
or extending existing standards such as RealEstateCore
and SLiCE data models. This work contributes to foster-
ing consensus within the domain, offering a roadmap for
future research and development in enhancing asset life-
cycle information management and decision-making pro-
cesses.
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Abstract 

Fault identification (FI) is an integral part of sensor fault 
diagnosis in structural health monitoring (SHM) systems. 
However, current FI approaches often overlook 
composite sensor faults, i.e. different sensor fault types 
occurring simultaneously within an individual sensor. As 
a result, actual fault occurrences in real-world SHM 
systems may be underestimated. This paper introduces an 
FI approach utilizing long short-term memory networks, 
addressing composite faults. The FI approach is validated 
using sensor data recorded by a real-world SHM system. 
The results demonstrate the capability of the FI approach 
to identify composite sensor faults, thus enhancing the 
reliability and accuracy of fault diagnosis. 

Introduction 

Structural health monitoring (SHM) is a non-destructive 
evaluation technique employing data recorded by sensors 
(“sensor data”) to assess structural conditions (Law et al., 
2014). SHM aims to improve safety and cost efficiency in 
structural maintenance through filling gaps of periodic 
visual inspections (Cawley, 2018). Hardware or software 
errors, exposure to harsh environmental conditions, 
degradation, and signal interferences may lead to 
malfunctions of sensors (“faulty sensors”) in SHM 
systems (Zhang et al., 2018). Consequently, faulty sensors 
may compromise the outcomes of SHM systems (Steiner 
et al., 2019). 
In SHM systems, sensor fault types include bias, drift, 
gain, precision degradation, complete failure (constant or 
with noise), and outliers (Kullaa et al., 2013). Fault 
diagnosis approaches for SHM systems have been 
proposed based on either physical or analytical 
redundancy (Frank, 1990). Physical redundancy entails 
installing additional, i.e. “redundant”, sensors and 
detecting faults based on sensor data comparisons. 
However, the high cost, power consumption, and 
maintenance associated with physical redundancy have 
been the primary motivation for developing analytical 
redundancy approaches (Smarsly & Petryna, 2014). In 
general, analytical redundancy employs mathematical 
models to characterize a system, leveraging the inherent 
redundancy present in the sensor data (Al-Zuriqat et al., 
2023). Fault diagnosis using analytical redundancy 
comprises four steps (Patton, 1990): 
● Fault detection
● Fault isolation
● Fault identification
● Fault accommodation

In the fault detection step, residuals between sensor data 
and corresponding “virtual outputs”, derived from 
mathematical models, are evaluated using threshold logic 

or hypothesis testing (Isermann & Balle, 1997). In case 
faults are detected, fault isolation involves determining 
the locations of the faulty sensors. To gain insights into 
the underlying causes of sensor faults and define 
strategies for compensating for errors induced by sensor 
faults, the type or nature of the faults are determined in 
the fault identification (FI) step. Finally, in the fault 
accommodation step, data recorded by the faulty sensor is 
reconstructed using virtual outputs of the mathematical 
models. 
Existing fault diagnosis approaches have mainly focused 
on detecting, isolating, and accommodating sensor faults. 
Rao et al. (2007) has presented a concept, originally 
proposed by Kramer (1992), introducing a null-subspace-
based approach for sensor fault detection and isolation, 
combined with autoassociative neural networks for fault 
accommodation. Smarsly & Law (2014) have proposed a 
decentralized fault detection and isolation approach in 
wireless SHM systems employing artificial neural 
networks. The approach has been extended from the time 
domain to the frequency domain and has also accounted 
for the presence of structural damage (Dragos & Smarsly, 
2016). Al-Zuriqat et al. (2023) have introduced an 
adaptive sensor fault detection, isolation, and 
accommodation approach for SHM systems using 
feedforward artificial neural networks with 
backpropagation, considering single sensor faults 
occurring simultaneously in individual sensors. Liu et al. 
(2022) have used stacked gated recurrent unit neural 
networks to detect, isolate and accommodate sensor 
faults, and global-local logic to differentiate sensor faults 
from structural damage. 
Among fault diagnosis approaches that include FI, Fritz et 
al. (2022) have proposed an analytical-redundancy 
approach, which integrates feedforward artificial neural 
networks and convolutional neural networks to detect, 
isolate, identify, and accommodate sensor faults. 
Additionally, other approaches, based on generalized 
likelihood ratio (Li et al., 2019), on generalized quasi-
natural analogy test principle (Yan et al., 2020), and on 
set theory and support vector machine (Yu et al., 2014), 
have also addressed the FI step. However, in the 
aforementioned studies, only single sensor faults have 
been considered, i.e. one sensor fault type within each 
individual sensor. Moreover, not all sensor fault types 
have been addressed. For example, outliers (Fritz et al. 
2022; Li et al., 2019), drift, precision degradation, and 
complete failure (Yan et al., 2020) have not been 
included. 
Sensors in SHM systems may experience combinations of 
faults, i.e. faults of different types occurring 
simultaneously within an individual sensor (hereinafter 
termed “composite sensor faults”). The plausibility of 

446



composite sensor faults occurrence in SHM systems has 
been corroborated in Li et al. (2023), in which composite 
sensor faults have been observed during experimentation, 
specifically gain and drift in one sensor. Composite sensor 
faults have been investigated in other disciplines for more 
than two decades, for example, in boiler processes using 
structured residuals with maximized sensitivity (Qin & Li, 
1999), in wastewater treatment plants using Fisher 
discriminant analysis (Luca et al., 2023), and in lithium-
ion batteries using a two-layer identification algorithm 
(Shen et al., 2024).  
Despite the importance of FI in gaining insights into 
underlying causes of sensor faults within SHM systems, 
current FI approaches take into consideration single 
sensor faults, often failing to account for composite sensor 
faults, which may manifest in real-world SHM systems 
(Li et al., 2023). Moreover, current FI approaches rely on 
recognizing unique patterns in sensor data to identify 
different sensor fault types (Peralta et al., 2022). 
Nonetheless, composite sensor faults may generate 
distinct patterns that may be hard to recognize for current 
FI approaches. In this paper, an approach towards 
identification of composite sensor faults (ICSF) is 
proposed. Sensor data with artificially injected composite 
sensor faults is used to train long short-term memory 
(LSTM) classification networks, addressing composite 
sensor faults. 
The remainder of the paper is organized as follows: First, 
composite sensor faults in SHM systems are elucidated. 
Then, a description of the ICSF approach is introduced. 
Next, the implementation and validation of the ICSF 
approach are presented, and the results are discussed. 
Finally, the paper ends with a summary and conclusions, 
and an outlook on future research is provided. 

Composite sensor faults 

Sensor fault types manifest into errors, which have 
distinct footprints on sensor data. For example, a bias is 
represented by a constant deviation of the sensor data 
from the values that should be measured (“actual values”, 
e.g. structural responses or environmental parameters). A
drift is characterized by the gradual deviation of sensor
data from the actual values over time. A gain occurs when
sensor data is systematically scaled by a constant value.
Precision degradation is caused by the contamination of
sensor data with noise. A complete failure is observed as
sensor data consisting of a constant value (“complete
failure constant”) or noise (“complete failure with noise”),
regardless of changes occurring in the actual values.
Finally, an outlier manifests as a discontinuous
observation in the sensor data that deviates from the actual
values at isolated time instances.
The aforementioned sensor fault types are usually
addressed as single sensor faults, occurring in individual
sensors. However, as mentioned previously, sensors in
real-world SHM systems may experience composite
sensor faults, an example of which, consisting of drift and
an outlier, is illustrated in Figure 1. As a result, full fault

identification needs to address both single sensor faults 
and composite sensor faults. The description of the ICSF 
approach, including two phases, each comprising several 
steps, are presented in the following section. 

Figure 1: Illustration of a composite sensor fault: (a) a single 

sensor fault with drift, (b) a single sensor fault with an outlier, 

and (c) a composite sensor fault consisting of drift and an outlier 

Description of the ICSF approach 

In this section, the ICSF approach is presented, 
comprising two phases, (i) preparing the training dataset, 
and (ii) developing the classification models. A flowchart 
describing the workflow of the ICSF approach is shown 
in Figure 2. 

Phase 1: Preparing the training dataset 

1. Sensor data is recorded by SHM systems within the
so-called “data collection period”. The total number
of data points p recorded by each sensor in the data
collection period is representative of the normal
operation of the structure.

2. A correlation analysis is conducted on the sensor
data to unveil the number of correlated sensors k

within a SHM system. Since the classification
models are based on mapping sequences of sensor
data, correlation between sensors is a prerequisite.
Each sensor in the set of correlated sensors is
denoted with i (i = 1, …, k). Data recorded by all
correlated sensors f1→k is stored in matrix A. As
result, matrix A has a length equal to the number of
data points p, and a width equal to the number of
correlated sensors k, as shown in Equation 1.

𝐀𝑝 × 𝑘 =

[

𝑓1,1 𝑓1,2 ⋯ 𝑓1,𝑘

𝑓2,1 𝑓2,2 ⋯ 𝑓2,𝑘

⋮ ⋮ ⋱ ⋮
𝑓𝑝,1 𝑓𝑝,2 ⋯ 𝑓𝑝,𝑘]

 (1) 

(a)

   

(c)
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Figure 2: Flowchart of the ICSF approach 

3. A total of k input and output datasets are created to
train classification models in a later step. The
sensor data in matrix A are copied into input dataset
i (i = 1, …, k), and composite sensor faults are
artificially injected into the vector fi, i.e. in sensor
data recorded by sensor i. Each fault is injected via
a mathematical model, representing the footprint of
the fault on the sensor data (e.g. adding a constant
value to the sensor data to simulate bias). Injected
sensor fault types are stored in the classification
output dataset i. As a result, the input dataset i

contains clean data from sensors (1, 2, …, i–1, i+1,
…k), and sensor data from sensor i with composite
sensor faults.

4. Data in the input dataset i is normalized using a
minimum-maximum normalization method, shown

in Equation 2, to avoid overfitting issues while 
training the classification models. Then, the 
normalized input dataset i, as well as the output 
dataset i are split into training dataset (70%), 
validation dataset (15%), and testing dataset (15%). 
In Equation 2, x represents an arbitrary 
measurement in the sensor data, while xmin and xmax 
denote the minimum and maximum measurements 
in the sensor data, respectively. The variable 
xnormalized corresponds to the normalized value. Both 
normalization parameters xmin and xmax used for the 
input dataset i are saved to be applied to new sensor 
data that is fed to the classification model Mi after 
training. 

𝑥𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 =
𝑥−𝑥𝑚𝑖𝑛

𝑥𝑚𝑎𝑥−𝑥𝑚𝑖𝑛
   (2) 

Phase 2: Developing the classification models 

1. The initial architecture of the LSTM classification
network is defined. The LSTM classification
network has an input layer, hidden layers, and an
output layer. In Figure 3, the general architecture of
the LSTM classification network is illustrated. The
input layer is a sequence input layer with a length
equal to the number of correlated sensors k. The
hidden layers include successions of LSTM layers
and “dropout” layers. In each LSTM layer, memory
cells and a set of gates regulate the flow of data.
This architecture enables LSTM layers to capture
and retain long-term dependencies in sequential
data, making them particularly effective for tasks
such as sensor data analysis. In each dropout layer,
a probability of dropout is defined representing the
likelihood (set between 0 and 1) of randomly
neglecting measurements passed through the
LSTM layer as means of preventing overfitting.
The number of LSTM layers as well as the number
of dropout layers may vary based on the model
accuracy, which is determined in a later step. The
output layers contain a fully-connected layer, a
Softmax layer, and a classification layer. The fully-
connected layer connects every neuron of the last
hidden layer to the neurons of the output layer,
representing the number of classes in the
classification problem. The Softmax layer is used
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between the fully connected layer and the 
classification layer to convert raw logits into 
probability distributions, facilitating 
interpretability, backpropagation, and optimal 
training. Finally, the classification layer contains all 
classes of the classification problem, more 
specifically, the number of sensor fault types c to be 
included in the FI step. The number of sensor faults 
c, is calculated using Equation 3, and depends on: 
(i) the number of single sensor faults m included in
each composite sensor fault, and (ii) the total
number of single sensor faults n included in all
composite sensor faults.

𝑐 (𝑛,𝑚) =
𝑛!

𝑚!(𝑛−𝑚)
 (3) 

2. One classification model Mi for each correlated
sensor i (i = 1, ..., k) is created by training an LSTM 
using the training dataset i. During training, the 
training dataset i is fed sequentially (in “batches”) 
to the LSTM classification network, i.e. each batch 
of the normalized input dataset is fed to the input 
layer and the corresponding classes of the output 
dataset are fed to the output layer. The training 
consists of updating weighted connections between 
neurons, until the probabilities of the Softmax layer 
reach a predefined level of accuracy. Thereupon, 
the classification model Mi is created, capable of 
recognizing patterns and features in the input 
dataset i and classifying the sensor data into the 
corresponding composite sensor fault type. The 
validation dataset is used to fine-tune the 
hyperparameters, and prevent overfitting during 
training. 

3. Upon completing training and validating, the
accuracy of model Mi is obtained using the testing
dataset. For model Mi to be accepted, the
classification accuracy must lie above a FI
threshold γ. The FI threshold γ is derived following
the same rationale as the fault detection threshold γ
in previous related research (Al-Zuriqat et al.,
2023). Equation 4 introduces the formula to
calculate the accuracy (Acc) of the classification
model Mi.

𝐴𝑐𝑐 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑟𝑟𝑒𝑐𝑡 𝑝𝑟𝑒𝑑𝑖𝑡𝑖𝑜𝑛𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑟𝑒𝑑𝑖𝑡𝑖𝑜𝑛𝑠
 (4) 

4. Finally, if the accuracy of model Mi is satisfactory,
the model is saved to identify faults of sensor i (i =
1, …, k). However, if the accuracy of model Mi is
not satisfactory, a different architecture of the
LSTM classification network is defined and a new
model Mi is trained (back to step 1 of phase 2).

The implementation and validation of the ICSF approach 
using sensor data from a real-world SHM system installed 
on a pedestrian bridge is presented in the next section. 

Implementation and validation of the ICSF 

approach  

This section describes the implementation and validation 
of the ICSF approach. To implement the ICSF approach, 
the programming language MATLAB is utilized to 
analyze the sensor data, inject faults, and train the 
classification models. The validation test is carried out 
using sensor data (acceleration measurements) from a 
real-world SHM system installed on a pedestrian bridge. 
First, the pedestrian bridge and the SHM system are 
presented. Then, the ICSF approach is applied using the 
acceleration measurements recorded by the real-world 
SHM system.  

Description of the pedestrian bridge and the SHM 

system 

The pedestrian bridge, located in Evosmos, Thessaloniki, 
Greece, has been a subject of research since the 
construction in 2016. (Dragos et al., 2020; Smarsly et al., 
2022a; and Smarsly et al., 2022b). The pedestrian bridge, 
is a composite concrete-steel structure, in which a steel 
structure supports a reinforced-concrete deck. The 
dimensions of the reinforced-concrete deck are 35.00 m 
(length) and 4.60 m (width).  
Figure 4 illustrates the top view of the pedestrian bridge 
and the locations of the accelerometers used in the 
validation test. The SHM system comprises four 
accelerometers (i.e. S1, S2, S3, and S4), which have been 
previously tested and found to be free of faults. The 
accelerometers are equally distributed along the central 
axis spanning the length of the bridge, spaced seven 
meters apart from each other. 

S1       

Figure 4: Top view of the pedestrian bridge with the locations of the accelerometers (dimensions are given in meters) 
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Description of the validation test 

For preparing the training dataset (phase 1), acceleration 
measurements are recorded by the four accelerometers 
(S1, S2, S3, and S4) over data collection period of 90 
minutes at a sampling rate of 128 Hz. The total number of 
data points p = 692,628 is recorded by each 
accelerometer.  
Next, correlations within the acceleration measurements 
are investigated via a correlation analysis. A strong 
correlation has been exposed by the Pearson correlation 
coefficient among all four accelerometers, i.e. k = 4. 
Notably, the lowest correlation coefficient 0.937 has been 
observed between sensors S1 and S4. Then, the 
acceleration measurements, recorded by all four 
correlated accelerometers f1→k = 4, are stored in matrix 
A692628×4. 
To determine the sensor fault types to be included in the 
validation test, as well as the size of the classification 
layer in a later step, a total of five single faults (n = 5) are 
considered, i.e. bias, drift, gain, precision degradation and 
outliers. Complete failure, either constant or with noise, 
entails sensors essentially ceasing to operate and can, 
therefore, hardly be combined with other single sensor 
faults into composite sensor faults. Combinations of two 
single faults in the same sensor (m = 2) are considered, 
e.g. drift and outlier at the same time within an individual
sensor. As a result, using Equation 3, the total number of
composite sensor faults is c (n, m) = 10. Table 1 provides
an overview of the composite sensor faults considered in
the validation test.

Table 1: Sensor fault types considered in the validation test 

No. Composite sensor fault 

1 Bias + Drift 

2 Bias + Gain 

3 Bias + Precision degradation 

4 Bias + Outliers 

5 Drift + Gain 

6 Drift + Precision degradation 

7 Drift + Outliers 

8 Gain + Precision degradation 

9 Gain + Outliers 

10 Precision degradation + 
Outliers 

Acceleration measurements stored in matrix A692628×4 are 
copied into four input datasets. Each input dataset is 
divided equally into 10 subsets, for which each sensor 
fault type shown in Table 1 is artificially injected. The 
classes of the composite sensor faults injected into the 

input dataset i (i = 1, …, 4) is stored in the output dataset 
i (i = 1, …, 4).  
Next, acceleration measurements, stored in the input 
dataset i, are normalized using the minimum-maximum 
normalization method shown in Equation 2. The 
normalized input dataset i is split into 70 % training 
dataset (484,838 data points), 15 % validation dataset 
(103,894 data points), and 15 % testing data (103,894 data 
points). Both normalization parameters xmin and xmax used 
for the input dataset i during training are saved, to be 
applied to new sensor data that is fed to the classification 
model Mi after training.  
The initial architecture for the LSTM classification 
network is defined, with the input layer consisting in a 
sequence input layer with length k = 4. The output layer 
consists of a fully-connected layer, a Softmax layer, and a 
classification layer with 10 classes, where each class 
present a composite sensor fault from Table 1. Three 
hidden layers are defined, each comprising a LSTM layer 
followed by a dropout layer. To avoid overfitting during 
training, the probability of all dropout layers has been set 
to 20 %. 
A total of four classification models, equal to the number 
of the correlated sensors (k = 4), are created by training an 
equal number of LSTM classification networks. Each 
model Mi classifies sensor fault types of sensor i, using 
acceleration measurements from the four correlated 
sensors of the SHM system as input data. A total training 
time of 69 minutes for each LSTM classification model is 
recorded. 
Based on Equation 4, the accuracy of the models is 
evaluated using the testing dataset (103,894 data points). 
Using a FI threshold γ = 0.85, a model with an accuracy 
above 85 % is considered acceptable (Al-Zuriqat et al., 
2023). The lowest model accuracy has been observed in 
model M2, with an accuracy of 90.3 %. 
Finally, the fourth step involves saving all trained 
classification models M1, M2, M3, and M4 to identify 
sensor fault types for sensor S1, S2, S3, and S4, 
respectively. The trained classification models are tested 
using acceleration measurements newly recorded by the 
SHM system, as presented and discussed in the following 
section.  

Results and discussion 

This section presents and discusses the results of applying 
the classification models (M1, M2, M3, and M4), obtained 
by the ICSF approach, to newly recorded acceleration 
measurements. The acceleration measurements used in 
the validation test have been recorded by the real-world 
SHM system and correspond to a data collection period of 
30 minutes with a sampling rate of 128 Hz. The total 
number of data points recorded by each of the 
accelerometers is p = 230,876 data points. Subsequently, 
all composite sensor faults introduced in Table 1 have 
been randomly injected into the newly recorded 
acceleration measurements. The purpose of the injected 
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faults here is to provide a labeled dataset, which is used to 
evaluate the accuracy of the classification models. Table 2 
presents the results of testing the classification models. To 
determine the accuracy of the classification models, the 
number of sensor faults identified is compared to the 
number of sensor faults injected in the testing dataset.  

Table 2: Fault identification results of artificially injected 

sensor fault types including composite faults 

Fault  

type 
Sensor 

Injected 

faults 

Correctly 

identified 

faults 

Acc 

Bias + Drift S4 13,607 13,600 99.9 % 

Bias + Gain S1 13,522 13,411 99.1 % 

Bias + 
Precision 

degradation 
S2 13,720 13,632 99.3 % 

Bias + 
Outliers S3 5,378 4692 87.2 % 

Drift + Gain S4 13,627 12859 94.3 % 

Drift + 
Precision 

degradation 
S1 13,390 12,944 96.6 % 

Drift + 
Outliers S2 5,461 261 4.7 % 

Gain + 
Precision 

degradation 
S3 13,638 13,373 98.0 % 

Gain + 
Outliers S4 5,556 4,871 87.6 % 

Precision 
degradation + 

Outliers 
S1 5,398 4,126 76.4 % 

Total - 103,297 93,769 90.7 % 

As presented in Table 2, the FI capabilities of models M1, 
M2, M3, and M4 have been demonstrated using the newly 
recorded acceleration measurements with artificially 
injected faults. Out of 103,279 faults injected into the 
newly recorded acceleration measurements, 93,769 
sensor fault types have been correctly identified, 
representing a total accuracy rate of 90.7 %.  
Upon delving deeper into the results of the identification 
of composite sensor faults, it is noticeable that the 
classification model achieved the highest accuracy in 
identifying the composite sensor fault “Bias + Drift” with 
an accuracy rate of 99.9%. Conversely, a considerably 
low accuracy rate was observed in the identification of the 
composite sensor fault “Drift + Outliers” at 4.8%. The low 
accuracy of identifying the composite fault type “Drift + 
Outliers” may be attributed to the subtle patterns of 
outliers, as they correspond to point singularities in a 
continuous signal, which may be hard to be identified as 
features by the LSTM classification network.  

Summary and conclusions 

Fault diagnosis using analytical redundancy, building on 
mathematical models, has been gaining increasing interest 
in SHM, owing to the low cost when avoiding redundant 
sensors, as compared to traditional physical redundancy 
approaches. Fault diagnosis encompasses fault detection, 
isolation, identification, and accommodation. Despite the 
importance of FI in gaining insights into underlying 
causes of sensor faults within SHM systems, current FI 
approaches often fail to account for composite sensor 
faults, which may manifest in real-world SHM systems.  
This paper has presented an approach towards 
identification of composite sensor faults (ICSF). Sensor 
data with artificially injected composite sensor faults has 
been used to train LSTM classification networks, 
addressing composite sensor faults. The ICSF approach 
has been implemented using the programing language 
MATLAB, and validated using acceleration 
measurements recorded by a real-world SHM system. 
From the results, it is concluded that the ISCF approach 
has been proven capable of identifying composite sensor 
faults, thus enhancing the reliability and accuracy of fault 
diagnosis in SHM systems.  
Future work may involve coupling the ICSF approach 
with other existing fault detection, isolation, and 
accommodation approaches to establish a comprehensive 
fault diagnosis concept. Furthermore, the ICSF approach 
may be embedded into wireless sensor nodes to identify 
sensor faults on board the sensor nodes within real-world 
decentralized SHM systems. 
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Abstract
The smartphone-collected vehicle response data is being
used to estimate the International Roughness Index (IRI).
Among the existing smartphone-based methods, the data-
driven approach, which involves training a machine learn-
ing model, is drawing more attention. However, survey-
ing the IRI using conventional methods is expensive and
there is limited labelled response data. In contrast, there
exists a wealth of unlabelled response data from road users.
This scenario presents opportunities for exploring semi-
supervised learning (SSL) algorithms, which have been
insufficiently researched in this domain. This study ad-
dresses this gap by applying an SSL framework to refine
an IRI estimation model. Our results show that the SSL-
trained model achieves a lower RMSE than the fully su-
pervised trained model.

Introduction
Pavement deteriorates under the effects of traffic loading
and environmental conditions, resulting in defects such
as potholes and cracks. These failures affect ride quality
and increase the likelihood of vehicle damage and safety
risks. A road roughness index indicates the condition of
the road, and the most prevalently used one is the Inter-
national Roughness Index (IRI) (Yu et al., 2022). Con-
ventional roughness index estimation (RIE) systems are
labour-intensive, and require a complex set-up Qiqin Yu
and Wix (2023). As a result, these systems are lim-
ited in surveying frequency and spatial coverage. Studies
have proposed utilising a crowdsourcing-based approach
to tackle these issues, since the proliferation of smart-
phones presents an opportunity to leverage data from road
users (Staniek, 2021). The embedded sensors, such as
the accelerometer and gyroscope, could be exploited to
characterise road pavement based on the traversing vehi-
cles’ responses. Such a collaborative assessment approach
could potentially supplement conventional instruments by
locating distressed road segments more responsively and
cost-effectively.
Existing studies have focused on increasing the accuracy
of smartphone-based systems by applying statistical-based
methods, vehicle mechanistic model-considered and ma-
chine learning methods (Yu et al., 2022). However, a dom-
inant difference between the smartphone-based method
and the conventional approaches is the amount of data gen-
erated. The data generated from the smartphone-based ap-
proach is thousands of folds to that of the conventional ap-
proaches. Many vehicles are driving on relatively fixed
routes (e.g., from home to work), and the response data

from these vehicles could effectively indicate the pave-
ment roughness condition. In practice, collecting data
in road segments labelled by ground-truth IRI is expen-
sive and likely unavailable in remote regions. As a result,
only a small amount of smartphone response data could
be mapped with the ground-truth IRI. Meanwhile, there
is a large amount of useful response data driving on road
networks whose IRI is unknown and such data becomes
unlabelled. It is believed that such response data should
also be exploited to contribute to the IRI estimation model.
Essentially, only a small percentage of samples are la-
belled while the majority remains unlabelled, and this sce-
nario presents opportunities for exploring semi-supervised
learning (SSL) algorithms and little research has touched
this area. To fill the gap, this study proposes an SSL-based
framework for estimating IRI by considering both labelled
and unlabelled vehicle response data.
The rest of the paper is organised as follows. The Liter-
ature Review section summarises relevant studies in SSL
and smartphone-based roughness index estimation (sRIE)
methods. Next, the Methodology section elaborates on the
proposed framework for IRI estimation using SSL. The
Data Collection and Data Pre-processing sections provide
information on obtaining and preparing data for training.
The Experiment section details the training of the initial
IRI-estimation model and the implementation of the SSL
technique. Lastly, the Discussion section breaks down the
contributions and limitations of this study and sheds light
on directions of future research.

Literature review
Semi-supervised learning
As the quantity of available data grows and the hard-
ware computational capabilities grow, deep learning (DL)
has been making significant contributions in various ap-
plications (Pouyanfar et al., 2018). However, the pre-
requisite of these encouraging results usually relies on
a large amount of labelled data, which is often expen-
sive and difficult to obtain compared with unlabelled data
(Ouali et al., 2020). Hence, semi-supervised learning
(SSL) was proposed to leverage a volume of unlabelled
data to improve the DL model performance based on a
small number of labelled data. Specifically, with respect
to loss function and model design, the SSL methods could
be categorised into 5 groups, deep generative methods,
consistency regularization methods, graph-based meth-
ods, pseudo-labeling methods, and hybrid methods (Yang
et al., 2022). For example, given labelled data, the typical
Generative Adversarial Networks (GAN), as described in
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Ian et al. (2020), consist of two neural networks, a gen-
erator, and a discriminator, and were supposed to gener-
ate new samples through adversarial training. As a con-
sistency regularization method, Mean Teacher (Tarvainen
and Valpola, 2017) leverages consistency regularization to
train the model with both high accuracy and strong robust-
ness by integrating Exponential Moving Average (EMA)
during the training step. Meanwhile, themanifold assump-
tion, a fundamental principle in semi-supervised learning
(Learning, 2006), has been employed by GoodBadGNN
to enhance the model’s inference performance (Dai et al.,
2017). Pseudo-label claimed a straightforward and effec-
tive approach for training a robust deep learning model
by initially training it on labelled data and subsequently
retraining the model with high-confidence predictions on
unlabelled data (Lee et al., 2013). Moreover, since most
semi-supervised learning methods rely on unique struc-
ture in the domain data, a hybrid method, the VIME (Value
Imputation and Mask Estimation) was proposed for tabu-
lar data that does not have explicit structure as image data
(Yoon et al., 2020). Overall, SSLmethods are used to learn
the underlying pattern from unlabelled datasets and hence
to augment the labelled dataset. Specifically, Consistency
regularization methods directly improve the performance
and robustness of the DL model by contrasting learning.
Pseudo-labeling enhances model performance by initially
training on a limited labeled dataset, followed by gener-
ating predicted labels with high confidence from an unla-
beled dataset, which are subsequently integrated into the
training process to retrain the initial deep learning model.

In terms of using semi-supervised learning in data-driven
pavement RIE, Liu et al. (2021) proposed a framework to
estimate the IRI leveraging both labelled and unlabelled
IRI data. Their study used the labelled IRI to back-estimate
the mechanistic properties of the vehicle models, and then
used the characterised vehicles to survey other unlabelled
road segments. While their study claimed it was an SSL

approach, it didn’t apply any SSL algorithm to leverage the
unlabelled response data to improve the performance of an
IRI estimation model. To the author’s knowledge, no other
studies have applied SSL algorithms in estimating the IRI.

Crowdsourcing-based infrastructure health monitor-
ing
Estimations made by a single smartphone may be inade-
quate in accuracy and consistency. Crowdsourcing smart-
phonemeasurements aim to aggregatemeasurements from
a large number of participants. Big data enables anal-
ysis of the impact of practical factors, including speed,
vehicle types, smartphone models, and mounting con-
figuration/position, on the response-based IRI estimation
method. Li and Goldberg (2018) proposed crowdsourcing
systems to evaluate pavement roughness. Recently, Jeong
and Jo (2023) implemented a validated IRI-estimation ap-
proach using response data collected from 29 vehicles, 8
smartphone models, and 5 mounting types. By consider-
ing various practical settings, their study was conducted in
a controlled environment and the participants surveyed a
single route of 18.2 km.

Methodology
This section provides an overview of the proposed frame-
work for estimating the IRI by incorporating the profiler,
sRIE systems and the crowdsourcing participants. The
framework contains two modules. The first module fea-
tures a multilayer perceptron (MLP) model for estimat-
ing the IRI, and the second module engages crowdsourc-
ing data collection and leverages an SSL framework to
improve the accuracy of the trained model. A schematic
overview of the proposed framework is demonstrated in
Figure 1.
In Module 1, model development, the selected state road
network was surveyed using inertial profilers, the ground-
truth IRI surveying instrument. Passenger vehicles were
then deployed to survey the same road networks and their

Module 1: Initial model development

Response data

Semi-supervised
learning algorithm 

(VIME) 

sRIE system

Road network

Profiler Reference IRI

Unlabeled road 

IRI estimation 
model

input

Labelled 
samples

train

Module 2: Semi-supervised learning

Crowdsourced
participants

update

Unlabelled 
samples

Figure 1: Semi-supervised learning-based IRI estimation schematic framework
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dynamic response data was recorded using windscreen-
mounted smartphones. A smartphone App was developed
to collect the Inertial measurement unit (IMU) and GPS
data. The obtained response data is essentially the time
series of triaxial acceleration and is delineated into differ-
ent road segments based on the GPS. Features from both
statistical and frequency domains were then extracted to
train an IRI estimation model using MLP.
In Module 2, since not the entire road networks were sur-
veyed with the profiler, a large amount of unlabelled data
is generated when the participants travel on a road whose
ground-truth IRI is unknown. Therefore, routes are di-
vided into two groups. Road segments that were surveyed
by the profiler are called labelled roads since their ground-
truth IRI is known and the vehicle’s response data on these
routes are labelled data. In contrast, other roads are called
unlabelled roads and their vehicle response data is un-
labelled. The SSL makes use of a small amount of la-
belled data with a large amount of unlabelled data (Liu
et al., 2021), and increases the accuracy of the MLPmodel
developed in Module 1. This study adopts the learning
framework ”VIME (Value Imputation and Mask Estima-
tion)” that employs a data augmentation method, generat-
ing augmented samples for each feature set (Yoon et al.,
2020). Specifically, unlabelled data are fed into VIME,
which learns the underlying patterns within features. To
achieve this, the original feature matrix X is shuffled to
create a new feature matrix X̂ . A mask matrix M, with
the same dimensions as the feature matrix X , is gener-
ated based on the Bernoulli distribution, and its counter-
part (1−M) is also computed. Finally, the corrupted fea-
ture matrix X̃ is acquired. In this case, VIME is trained to
recover from the corrupted feature matrix X̃ to the origi-
nal matrix X , enabling it to learn the underlying patterns
within the features. As a result, VIME transforms the fea-
ture samples from labelled dataset into latent representa-
tions. These representations were then fed into the MLP
model for IRI estimation. Figure 2 demonstrates the appli-
cation of the VIME method in this application context.
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Figure 2: Semi-supervised learning method (VIME)

Data collection
This section details the experiment routes and set-up of the
data collection instruments, including the profiler and the
smartphone-based response data collection system.

Survey routes
As shown in Figure 3, six routes around the Clayton
campus of Monash University, in Melbourne, Australia,
were selected. The routes collectively span a total length

of nearly 100km (including both directions). The ma-
jor routes around the campus were selected as they were
driven by university staff and students, who were the par-
ticipants of the crowdsourcing study.

Monash Uni

Figure 3: Experiment survey routes

Ground-truth IRI survey instrument
The ground-truth IRI was surveyed using an inertial pro-
filer system from the National Transport Research Organ-
isation (NTRO). This instrument was certified in accor-
dance with the Austroads standards on profiler validation
(Austroads, 2016). The inertial profiler consists of a laser
profilometer and accelerometers. The laser profilometer
measures the distance to the road surface while the self-
movement of the vehicle body is integrated from the ac-
celerometer measurements. Knowing the initial height of
the laser profilometer, the roughness elevation profile can
then be calculated. The IRI is then computed by running
the Golden-Car simulation on the measured profile. Two
repetitive runs were conducted on all routes to obtain ro-
bust ground-truth IRI measurements which were sampled
at a 10m interval. The distribution of the ground-truth IRI
values in five survey routes is illustrated in Figure 3.

(a) Survey vehicle (b) Profiler (under front bumper)
Figure 4: Ground-truth IRI instrument

Table 1: Ground-truth IRI distribution
IRI Band Quantity Percentage

0-2 44,665 45.8%
2-4 44,213 45.4%
4-6 6,823 7%
6-8 1,445 1.5%
8-10 216 0.2%
>10 123 <0.1%
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Figure 5: Smartphone IMU sensor axial orientations.

(a) Home (b) Vehicle select (c) Mount select
Figure 6: Data collection App user interface.

Smartphone-based response data collection system
The vehicle response data is collected from common pas-
senger car models of different body types. Four smart-
phones of the same model, each held using a different
mount, were deployed to collect the vehicle response data,
as demonstrated in Figure 5. The four mountings were dif-
ferent in their arm length and mechanism type and rep-
resented the range of commonly available models in the
market. Meanwhile, an Android application was devel-
oped to collect the smartphone’s IMU and GPS data. The
collected data includes the timestamp, tri-axial accelerom-
eter, tri-axial gyroscope, rotational sensor, GPS and speed.
The App interfaces are shown in Figure 6. The user’s ve-
hicle body type and mounting type were also recorded in
the App.

Data preprocessing
Data preprocessing contains two tasks, data mapping and
data cleaning. Data mapping assigns the smartphone
measurements with the ground-truth IRI. Each accelera-
tion measurement now has its own latitude and longitude
records. Meanwhile, the latitude and longitude of the start
and end points of each 10m ground-truth IRI segment are
known. By selecting the smartphone data points that are
spatially closest to the reference start and end points of
each segment and knowing their timestamp, the time win-
dow that corresponds to the reference segment could be
determined. The mapping was completed by assigning the
smartphone data points in this time window with their cor-
responding ground-truth IRI.
The next step is data cleaning. The raw smartphone sen-

sor data contains invalid records that must be removed.
Among the collected 1.82×107 sensor data, the number of
”NaN” in the accelerometer, gyroscope and rotation sen-
sors are 6.06 × 103, 1.02 × 103 and 1.38 × 106, respec-
tively. These ”NaN” records were imputed with the lo-
cal mean, which was calculated from data points in the
same segment where the ”NaN” record sits. Moreover, it is
worth noting that the profiler does not record an IRI when
the travel speed is less than 20km/h. Hence, there was no
ground-truth IRI (label) for some segments and as a result,
the corresponding smartphone data was also removed. In
addition, road roughness may not excite movement of the
vehicle body when the travel speed is low. In this study,
the minimum speed was set as 20km/h and response data
recorded below this speed was also excluded.

Experiment
Multilayer perceptron training - Module 1
This section elaborates on the training of the MLP-based
IRI-estimation model. Statistical and frequency features
were extracted from the signals collected from the tri-axial
accelerometer, the gyroscope, and the rotational sensor.
Statistical features were chosen according to related em-
pirical work (Souza et al., 2018), including mean, me-
dian, average magnitude value, standard deviation, zero-
crossing rate, skewness, kurtosis, entropy, maximum-to-
minimum difference, root mean square level, peak magni-
tude to RMS ratio, the mean number of peaks, crest factor
and IQR (Interquartile Range). On the other hand, after ap-
plying Fast Fourier Transform (FFT) to the time-domain
signal, 6 frequency features including spectral entropy,
spectral irregularity, flux, bandpower, max peak and max
peak location were computed. Additionally, categorical
features such as car model and mounting device type were
also included in the feature set. Consequently, when pro-
vided with a label (IRI value), the input to the DL model
comprises a vector with a dimension of 258, encompassing
256 numerical features and 2 categorical features.

In the training process, the Adam optimiser was employed
with a parameter learning rate of 1e-3. The networks un-
derwent training with a batch size of 128, a seed value
of 777 for reproducibility, and a total of 50 epochs. The
framework used to construct the model in this study was
TensorFlow (TF). In this study, 80% of the pre-processed
data was allocated for training the model, while 10% was
reserved for validation to fine-tune the model and optimise
hyperparameters. The remaining 10% of the data was kept
for testing. Different model structures were trialled and the
fully connected layers with neurons of 128-256-512 per-
formed the best. The model achieved an root-mean-square
error (RMSE) of 0.57, as shown in Figure 7. The R-square
of the linear regression between the estimated and ground-
truth IRI was 0.79, as demonstrated in Figure 8. The cal-
culation of RMSE is shown in the below formula.
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(yi − ŷi)2

nnn: The number of samples,
yyyiii: Ground-truch IRI�,
ŷyyiii: Predicted IRI.

Semi-supervised learning - Module 2
Besides the labelled data, unlabelled data is generated
when vehicles drive on road networks whose ground-truth
IRI is unknown. Based on these data, VIME was adopted
as the semi-supervised learning methodology. The hyper-
parameters (learning rate, p_m, and alpha) and output di-
mension were subsequently refined to align more suitably
with the objectives of our work. After applying the SSL
algorithm, the performance of the original DL model de-
veloped in Multilayer perceptron training - Module 1 im-
proved, as evidenced by the lower RMSE, indicated in Fig-
ure 9.
A systematic validation procedure was undertaken to eval-
uate the efficacy of VIME. A predetermined label rate,
ranging from 30% to 90%, was set to extract a labelled
subset of the initial entire labelled dataset. The selected
labelled subset was then employed to train the supervised
model elaborated upon in Section Multilayer perceptron
training - Module 1. Simultaneously, the remaining data
was regarded as unlabelled data, and the encoder in the
VIME algorithm was trained using this unlabelled data to
learn the underlying feature patterns and generate a novel
representation for each sample. Then, the labelled subset
data along with the representations of the original unla-
belled subset were both used to retrain the model. This
semi-supervised trained model was then compared with
the model trained exclusively using the labelled data sub-
set. This study trialled different label rates ranging from
30% to 90% with a step of 10%, and the RMSE values
of the two streams of models are plotted in Figure 9. It
is shown that both lines go downwards as the label rate
increases, indicating that the performance of both models
improves with more labelled data. However, it should be
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noted the SSL-trained model consistently sits marginally
below the fully supervised-trained model, suggesting that
the SSL-trained model achieves a lower RMSE, and there-
fore shows a better performance across the entire label rate
range. It should be noted that the improved performance is
not solely attributed to using more data, and the implica-
tion is that leveraging both labelled and unlabelled data to
capture underlying patterns more effectively improves the
model’s generalisation and performance on unseen data.

Discussion
This section summarises the contributions of the proposed
SSL framework, discusses the limitations of the methods
developed, and suggests the areas of future research that
promote the application of data-driven sRIE systems.

Contributions
Our study advances the field of data-driven road roughness
evaluation, by introducing an SSL framework that lever-
ages real-world data. Key contributions include:

Considering the real-world practical set-up challenges.
This is the first study to simultaneously utilise real-world
data while accounting for variations in car models and
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Figure 9: RMSE of the fully-supervised and semi-supervised
models in different label rates.
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mounting devices, unlike previous studies that worked on
simulated vehicle responses or involved single vehicle and
mounting configuration.

Adopting SSL to leverage unlabelled data.

Extending the application of SSL in data-driven infras-
tructure health monitoring, our study validates the idea of
using limited labelled data while leveraging the crowd-
sourced unlabelled data to improve the model’s perfor-
mance, as demonstrated by the lower RMSE values. It’s
important to note that this improvement partially results
from the inclusion of additional unlabelled data, which re-
sults in a more comprehensive dataset than what is avail-
able to fully-supervised models. Our findings underscore
SSL’s potential for scalable and cost-effective infrastruc-
ture monitoring, especially in contexts where labelled data
is limited.

Setting a benchmark for SSL-based pavement roughness
evaluation.

By integrating semi-supervised learning with real-world
data collection, our proposed framework utilises both spe-
cialised survey instruments and public vehicles, and the
SSLmethod yielded a lower RMSE than the model trained
with full supervision. This study sets a benchmark for
future studies exploring this field and contributes to the
knowledge of a scalable and cost-effective approach for
real-time pavement roughness monitoring.

Limitations
Limitations of this study are acknowledged:

Ground-truth data imbalance.

As an inherent property of the experiment route’s rough-
ness, the ground-truth IRI data is imbalanced, as illustrated
in Table 1. Specifically, the ground-truth data sit mostly in
the range of 0-4 mm/m and lacks in high IRI ranges (above
6 mm/m) and such imbalance limits the SSL algorithm’s
performance. Since the SSL algorithms involve learning
the patterns of the unlabelled features, and due to a lack
of response data for high-IRI road segments, there is not
enough data for the algorithm to learn the patterns from.
As a result, the SSL can exhaustively learn the complete
patterns of features in the low-IRI range, and improves the
model’s estimation accuracy in this range better than that
on the high-IRI range.

Limited semi-supervised learning method.

This study only explored one SSL method, namely VIME.
While VIME has shown promising results in our context,
our study struggled to find other open-sourced SSL meth-
ods that work on tabular data features, instead of the im-
age data, which is predominantly studied in SSL. The im-
provement in the model’s accuracy achieved in this study
using VIME does not represent the benefits that generic
SSL methods could provide in this application context.

Resource intensity of Semi-supervised learning.

Under the context of crowdsourcing-based road rough-
ness monitoring, crowdsourced smartphone sensor data
could become resource-intensive, in terms of computa-
tional power and data storage. Moreover, SSL techniques
involve iterative mutation of the raw data, posing chal-
lenges for scalability and real-time data processing, which
could be crucial for data-driven monitoring approaches.

Future works

Implementation using crowdsourced data

Our research has validated the effectiveness of using SSL
techniques to leverage unlabelled data in training the IRI
estimation model. In the next stage, the team plans to en-
gage crowdsourcing participants to collect unlabelled data
in real-world scenarios. It is expected that more variations
exist in the public participants’ practical set-ups and the
response data collected under such conditions contains un-
derlying patterns that could be learned by self-supervised
and semi-supervised learning algorithms. Consequently,
by accounting for these variations, a more robust and
adaptable estimation model could be developed.

Dependency on participant compliance

Crowdsourcing relies on the active and correct usage of
our data collection app by participants and the robust-
ness of collected data depends on the participant’s com-
pliance with collection rules. Such an issue, which exists
in crowdsourcing-based research studies, becomes more
critical when the scale of the data collection grows. Hence,
strategies to enhance participant compliance and retention
become necessary. These strategies could may more en-
gaging App user interfaces, regular reminders, incentives
aligned with long-term participation, etc., and can be ex-
plored in future research.

Incorporating connected vehicles in RIE

While this study adopted smartphones as the roughness
data collector, the prevalence of connected vehicles has
drawn research focus. These vehicles are equipped with
GPS and motion sensors and the data is uploaded to the
manufacturer’s servers, providing a rich data source. How-
ever, the integration of data from connected vehicles in the
proposed SSL framework poses many challenges. One of
the primary concerns is addressing inaccuracies that may
arise from differences in vehicle types. Identifying and
rectifying these inaccuracies is crucial to ensure the valid-
ity of roughness monitoring using this approach.

Applying other SSL methods

A comparative analysis of other SSL techniques could
be explored in future research. Such exploration would
also enable a more comprehensive understanding of the
strengths and limitations of various semi-supervised learn-
ing strategies in this application context.
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Conclusion
This study proposed an SSL-based framework for IRI es-
timation and validated its effectiveness using real-world
data. Smartphone-collected vehicle response data was col-
lected from different mounting configurations and vehicle
models. An MLP-based IRI estimation model was first
trained and an SSL algorithm (VIME)was adopted to learn
patterns from the unlabelled data and to generate new rep-
resentations of the data features used to predict the IRI. The
results suggest that the SSL-trainedmodel achieves a lower
RMSE than the fully supervised trained model, when the
same amount of labelled data was provided. Our study
adds to the body of knowledge in smartphone-based road
roughness monitoring by 1) developing an IRI-estimation
model trained using real-world vehicle responses, consid-
ering the vehicle and mounting variations, 2) proposing
an SSL framework that leverages both labelled and unla-
belled response data, 3) improving the accuracy of an ex-
isting model by using SSL techniques, and 4) validating
the benefits of incorporating SSL in crowdsourced pave-
ment roughness monitoring.
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Abstract 
This paper introduces a novel approach for monitoring 
concrete pouring. Traditional manual tracking methods 
are tedious, while automated solutions, such as Computer 
Vision (CV)-enabled methods, are challenged with 
occulted data and limited adaptability to diverse crane 
behaviour patterns. We propose a knowledge graph-
enhanced CV method that combines context knowledge 
with object recognition. This approach analyses tower 
crane behaviours and their interactions with workers, 
truck mixers, and building elements, providing a detailed 
and resilient interpretation of concrete pouring progress. 
Preliminary findings reveal the method’s capacity to 
interpret incomplete data and comprehend complex site 
dynamics, demonstrating promising potential in a real-
world scenario. 
Introduction 
Concrete pouring is a common and critical construction 
activity, significantly impacting both the completion time 
and cost of construction projects (Wang et al., 2022). The 
crane plays a pivotal role in this activity, as the “crane-
and-skip” method emerging as one of the most prevalent 
techniques for concrete pouring (Lu et al., 2003). In this 
process, concrete is mixed and then poured into the skip 
on the ground by workers; then the crane lifts the skip to 
one or more locations requesting concrete; once in 
position, the skip is tilted or manipulated to pour, before 
the empty skip is lowered back to the mixer for refill. 
Traditionally, monitoring the progress of concrete 
pouring processes has been manual and approximate, 
where the total volume of concrete delivered to the site is 
used as an indirect indicator of pouring progress (Lu & 
Anson, 2004). This method merely provides a rough 
estimate of the progress, and cannot capture nuances 
related to the pouring process, such as the cycle time of 
crane lifts and the waiting time of truck mixers. 
Consequently, it provides limited insight into the 
bottlenecks of critical site resources (e.g., crane 
availability) and yields minimal contributions to crucial 
decisions that impact site productivity (e.g., hiring extra 
cranes) (Hu et al., 2021). 
To gain insights into the pouring process, which requires 
a large volume of data, Computer Vision (CV) has 
emerged for automated data acquisition and analysis. For 
instance, Gong and Caldas (2010) developed a CV-based 
method to track crane hooks and concrete buckets (i.e., 
skips), enabling the analysis of concrete pouring states 

(e.g., bucket readiness, pouring into specific columns) and 
cycle times. Nevertheless, these CV-based methodologies 
often confront adaptability challenges. They rely on the 
assumption of continuous and uninterrupted concrete 
pouring, following an overly rigid crane behaviour pattern 
in each pouring operation (e.g., the buckets have to return 
to the mixer after each pouring). Meanwhile, these 
methods often necessitate project-specific parameters, 
such as designated loading and unloading zones, to 
streamline data interpretation (Yang et al., 2014).  
These rigid rules in data analyses often misalign with the 
dynamic environment of construction sites, leading to 
inaccurate data interpretations and limited generalisability 
in different construction projects. Compounding this issue 
are hardware limitations, such as cameras missing crucial 
frames or occlusions blocking the view. These limitations 
will also disrupt the crane behaviour pattern recognition, 
leading to inaccuracies or frequent relocating of cameras. 
Therefore, an adaptable reasoning mechanism is required 
that ensures enhanced robustness and greater 
generalisability for monitoring concrete pouring. 
Knowledge Graphs (KGs) offer significant potential to 
elevate the reasoning capabilities of CV systems (Fang et 
al., 2020). KGs enable machines to comprehend complex 
relationships and enriched contexts within data, going 
beyond mere visual recognition (Pfitzner et al., 2023a).  
By integrating KG and CV, the authors propose a 
universally adaptable interpretation of concrete pouring 
processes. In later sections, the paper includes a literature 
review on concrete pouring monitoring and KG-enhanced 
CV systems in the construction industry, followed by a 
detailed description of our methodology and a case study 
from an active construction site in Munich. It concludes 
with a discussion of the method’s contributions, 
limitations and potential improvements. 

Literature review 
Methods of Monitoring Concrete Pouring 
Over the past decades, continuous research has focused on 
monitoring concrete pouring, with relevant studies 
summarised in Table 1. Initially, this monitoring was 
mainly for quality control, aiming to predict concrete 
curing conditions and strength development (Moon & 
Yang, 2017). The process involved manual 
documentation of the concrete pouring time into 
formwork and environmental factors, such as humidity, to 
ensure compliance with curing standards.  
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Table 1: Literature on Monitoring Concrete Pouring 

Reference Year Tracked 
item 

Tracking 
Mechanism 

Collected data Outputs Limitation 

(Lu & 
Anson, 
2004) 

2004 Concrete 
Mixer 

Retrieving 
information 
from 
manually 
prepared 
documents 

Site arrival 
/departure time; 
Location and 
element type for 
pouring; 
Pouring method. 

A productivity 
evaluation (i.e., 
volume/time) for 
different pouring 
methods 

A coarse granularity of tracking 
at a dozen of truck trips level; 
Not revealing delays in concrete 
pouring states and related 
resource bottlenecks. 

(Moon & 
Yang, 
2010) 

2010 Concrete 
Mixer and 
concrete 
pump 

Radio-
frequency 
identification 
device (RFID) 

Site arrival 
time, mixer 
entering/ 
leaving work 
zone time. 

Total amount of 
poured/remaining 
concrete; 
Average pouring 
speed;  
Estimated time to 
complete. 

A coarse granularity of tracking 
at a truck trip level; 
Manual installation of RFID 
tags; 
Not revealing delays in concrete 
pouring states and related 
resource bottlenecks. 

(Gong & 
Caldas, 
2010) 

2010 Bucket Computer 
Vision (CV) 

Buckets’ 
presence in 
user-specified 
waiting zone 
and column 
zones; 
Buckets’ 
absence 
(indicating their 
loading). 

Durations of each 
user-defined 
pouring states for a 
particular pouring 
activity. 

Assuming uninterrupted 
pouring; 
The case study merely focuses 
on the pouring of two columns; 
Relying on fixed states in the 
column pouring and site-
specific spatial context; 
Requiring meticulous/dynamic 
planning of camera locations. 

(Yang et 
al., 2014) 

2014 Crane jib Computer 
Vision (CV) 

Crane jib 
trajectory and 
its overlap with 
site layout. 

State durations of 
concreting pouring 
and non-concrete 
pouring activities. 

Assuming concrete mixers’ 
locations are fixed; 
Replying on site-specific spatial 
context and observed 
probability when differentiating 
concrete pouring states. 

(Danel et 
al., 2022) 

2022 Crane Crane inbuilt 
motion 
trackers and 
load sensor 

Slewing angle, 
trolley distance, 
hoist height, and 
load weight. 

State durations of 
concreting pouring 
activities. 

Assuming uninterrupted 
concrete pouring process; 
Relying on a standard crane 
behaviour pattern.  

(Wang et 
al., 2022) 

2022 Crane 
cable and 
bucket 

Computer 
Vision (CV) 

Concrete 
buckets’ 
presence in a 
meticulously 
planned imaged 
area (e.g., on the 
top of the dam 
to be poured).  

Cycle time of crane 
lifts. 

Assuming uninterrupted 
concrete pouring processes; 
Relying on a standard crane 
behaviour pattern; 
Requiring meticulous locating 
of camera; 
Not revealing delays in concrete 
pouring states and related 
resource bottlenecks. 

(Kim et 
al., 2023) 

2023 Sound Classifying 
site sound 
with deep-
learning 
algorithms to 
recognise 
concrete 
pouring 

Acoustic signal 
from 
construction 
sites. 

Start and finish time 
of concrete pouring;  
Abnormal concrete 
pouring such as the 
impact sound of the 
vibrator’s formwork 
and the sound of 
concrete slowly 
leaking. 

Focusing on the safety of 
concrete pouring;  
Not revealing productivity-
related insights (e.g., cycle 
times). 
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Lu & Anson (2004) analysed hundreds of digital quality 
control records to explore the link between concreting 
speed and pouring methods. Their work provided 
significant insights for enhancing productivity through 
method selection. However, their reliance on manual data 
collection leads to a coarse tracking granularity (e.g., 
dozens of truck mixer trips) and restricts insights for site 
management. 
The introduction of IoT devices creates a shift towards 
automated, sensor-based tracking methods. Moon & Yang 
(2010), for instance, employed RFID technology to 
monitor the movement of truck mixers on-site, enhancing 
tracking to a granularity of individual trips. Kim et al. 
(2023) used acoustic sensors combined with deep learning 
algorithms to pinpoint the state when concrete is poured 
into formwork. While it does not monitor every state of 
the concrete pouring process, such as loading the 
concrete, this method further refines the granularity for 
tracking to specific pouring states. Danel et al. (2022) 
further advanced the tracking by using in-built crane 
sensors to monitor every state of the concrete pouring 
process, thereby uncovering prolonged delays caused by 
resource miscoordination. However, IoT methods often 
struggle to gather context information efficiently, limiting 
their ability to correlate lift operations with overall 
construction progress.  
Recent research has turned to CV for more nuanced 
monitoring. CV methods typically consist of two steps: 
object recognition and reasoning. Object recognition 
identifies concrete-related resources in images, while 
reasoning interprets the actions of these objects. Gong & 
Caldas (2010) were among the first to apply CV in this 
field. They detected concrete buckets and mapped them 
onto predefined work zones in the images to identify 
specific pouring states with an accuracy of 84.7%. 
However, the need for user input limited their method’s 
applicability. In contrast, Wang et al. (2022) applied CV 
to dam construction, tracking concrete buckets and crane 
cable interactions to indicate pouring cycles, achieving an 
even higher accuracy (>99%). However, the method 
assumed an uninterrupted pouring process, which is 
unrealistic for building construction. Yang et al. (2014) 
focused on crane jib recognition to track crane movements 
in relation to site layout plans, allowing for the 
recognition of mixed crane operations (i.e., concrete 
pouring and other lifting activities). Yet, this required 
distinct separation of concrete and other materials’ 
loading zones and relied on observed site-specific 
probabilities in the reasoning process, potentially limiting 
adaptability to other sites. 
In addition to the generalisability issue, one of the main 
challenges with these CV methods is their struggle to 
correlate crane operations with specific building elements 
and to detect the particular causes of idling. For example, 
they were often unable to identify scenarios where 
concrete buckets were in position but left unattended. 
These limitations highlight the imperative need to develop 
a reasoning mechanism that can adapt to varied site-

specific parameters (e.g., site layouts) and effectively 
highlight the interactions between concrete pouring 
resources (e.g., cranes, buckets, workers, and mixers) and 
construction products (e.g., building elements). 

Leveraging the Knowledge Graph to Enhance CV in 
Construction Applications 
Knowledge Graphs (KGs) are poised to significantly 
augment the reasoning capabilities of CV, providing a 
universally applicable, generalisable context. By focusing 
on universal heuristics, such as the spatial relationships 
among objects (e.g., workers), KGs actively process and 
interpret CV outcomes, transforming raw data into 
information and enabling the derivation of new insights. 
In the construction industry, KG-enhanced CV systems 
have shown particular promise in safety management. 
Fang et al. (2020) demonstrated this by developing a KG-
based CV system that identifies potential hazards through 
the spatial relationships among workers, PPE, and heavy 
machinery. Lee and Yu (2023) employed a KG to 
standardise and identify safety hazards in mobile 
scaffolding use, effectively pinpointing common misuses, 
including absent outriggers or missing guardrails. Both 
KGs perform spatial analysis of relevant objects to 
identify unsafe conditions or behaviours. 
Unlike unsafe behaviours that often occur in isolated 
instances, construction activities, such as concrete 
pouring, typically consist of multiple states following a 
specific sequence. Therefore, solely specifying spatial 
relationships may only allow for a rough productivity 
evaluation at a broader level (e.g., site level) rather than 
recognising specific construction activities (Pfitzner et al., 
2023a). To link planned sequences to actual site 
conditions, Braun et al. (2020) proposed a graph-based 
method to derive construction sequences from BIM 
models, overlay the sequence with detected objects, and 
thereby compensate for data gaps caused by occlusions. 
This application underscores the capability of KGs to 
embed sequence information.  
However, the sequence of concrete pouring states (i.e., 
lifting states) is more dynamic. Addressing this challenge, 
Hu et al. (2023) utilised a KG to organise heterogeneous 
data from motion trackers, weight sensors and images for 
recognising crane lifting states (e.g., pick-up, suspend). 
This approach embeds dependencies of states instead of a 
standard sequence to allow flexibility. Thus, it is able to 
understand complex operations, such as those with 
multiple unloads in one lift. Despite its effectiveness in 
crane operation recognition, Hu et al.’s approach falls 
short in differentiating concrete pouring from other lifting 
activities and in linking crane operations to specific 
building elements. Moreover, their method is not tailored 
for enriching CV data. This underscores the necessity for 
a specialised KG tailored for concrete pouring processes 
and CV data formats. Such a KG should be proficient in 
interpreting concrete pouring operations, distinguishing 
between various lifting activities and linking pouring 
operations to building elements seamlessly. 
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Methodology 
Overview of the approach 
The scope of this study is to determine the utility of the 
crane in concrete pouring activities and associate crane 
operations with building progress. The underlying 
purpose of activity monitoring is to optimize the 
coordination of concrete delivery schedules, thereby 
mitigating overproduction and minimizing material waste 
during concrete pouring. Streamlining the concrete 
pouring process could condense construction timelines 
and elevate resource utilization. 
We use semantic knowledge derived from the state 
dependencies in concrete pouring and BIM model to fuse 
CV object recognition results. As a result, we 
automatically monitor the pouring process in fine 
granularity (i.e., states), with the elapsed time of distinct 
process states recorded to provide precise insight into the 
required time for pouring diverse building zones. The 
results are anticipated to facilitate detailed control of 
construction progress.  
The CV-based pipeline, shown in Figure 1, is developed 
to convert raw image and geometry data to precise 
process-level information. Instead of using data-heavy 
video streams, a low frequency of input images is chosen 
to avoid extensive computation times for processing long 
construction periods. 
CV methods (a) are applied to extract information from 
the images. This step includes interpreting spatial 
dependencies in the context of the concrete pouring phase. 
In addition, the information is mapped to the BIM model 
using grid-based zones. 
The knowledge graph (b) is used to determine unseen 
states and to link the as-planned geometry data. Unknown 
states are predicted based on their predecessors and 
successors. This predictive capability is particularly 
valuable in addressing data acquisition limitations, such 
as missing frames or occlusion, ensuring a robust analysis 
of individual pouring states while considering the as-
planned quantities. 
CV-based state recognition
The computer vision part contains three steps: Object 
detection, spatial-temporal reasoning, and geometric 
projection. 

A YOLOv8 model is used for object detection, covering 
the following classes: concrete_bucket, hook, 
concrete_mixer, hose, and worker. The model is deployed 
on image sequences representing the concrete pouring 
states. Figure 2 illustrates the distinct states of the 
concrete pouring process: Loading the concrete bucket at 
the concrete mixer, moving the bucket to the building 
element, and filling the building element’s formwork with 
concrete. To derive these instant states from the images, 
spatial reasoning is necessary.  

Figure 2: Spatial relationships of concreting cycle 

In the case of crane-and-skip concrete pouring, the 
location of the concrete bucket and its relation to other 
elements defines the current action. Fig. 2 shows the 
essential scenarios of the concrete bucket to determine the 
process state: “Loading”, “Moving”, and “Pouring”. At 
the start of the process, the concrete bucket moves close 
to the concrete mixer to be filled by a worker. The bucket 
stays for a period of time (e.g., 30s) and then gets lifted 
by the crane. Intersection over Union (IoU) is used to 
determine the bounding boxes’ spatial dependency.  

Figure 3: As-planned zones and volumes [m3] derived from the 
BIM model and projected base point of the hose (light green). 

Figure 1: Overview of pipeline 
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Subsequently, the bucket moves to the building element, 
and the pouring state starts. During the pouring state, a 
hose is rolled down, and a worker controls the nozzle of 
the hose to fill the formwork. Like in the “Loading” 
scenario, the activity is derived by interpreting the spatial 
relationships of the bounding boxes using IoU. During the 
“Pouring” state, workers and the hose are within the area 
underneath the bucket. The “Moving” state is computed 
based on the known order of process steps, discussed in 
the following section.  
To compare the as-performed pouring volumes to the as-
planned volumes, the image information is enriched. First, 
the as-performed quantities are computed using known 
volumes of the concrete mixer and bucket. Second, the as-
planned volumes are generated using the BIM model, 
illustrated in Fig 3. The quantities of the BIM model are 
computed storey-wise to specific zones of a grid. The grid 
contains the quantity of all building elements within one 
zone. The location of the hose is projected to the BIM 
model using a perspective transformation approach 
presented by the authors in previous publications (Pfitzner 
et al., 2023b). As the hose traverses a specific zone, the 
as-performed data gets linked with the as-planned data. 
Based on the expected concrete amount of a specific zone, 
the amount of poured concrete is validated. Moreover, the 
amount of wasted concrete can be detected. A detailed 
investigation of geometry mapping is outside this paper’s 
scope and will be discussed by the authors in future 
publications. 
Ontological model for process reasoning 

Figure 4: Ontological model 

The ontological model, shown in Fig. 4, is designed 
according to the states representing the concrete pouring 
process. The process’s states are defined by the time-
dependent actions of the concrete bucket. As such, the 
bucket nodes have a timestamp property and a 
relationship to their predecessors and successors. This 
ensures that the bucket’s current, past, and future actions 
can be determined based on the bucket’s significant area. 
The significant area is defined by typical construction-
related dimensions; it encompasses the space beneath the 
bucket and incorporates a buffer, considering the objects 
utilising the bucket manifest beneath it. 

Unseen states are parts of the process that cannot be 
detected on the frames. This is the case when the concrete 
bucket moves. The predecessor and successor 
relationships are utilised to compute the missing 
information. The unseen states of the concrete pouring 
cycle are determined based on the four different 
relationship patterns shown in Fig. 5. If the detected state 
changes, the bucket’s state is considered to be “Moving” 
in between, encompassing both scenarios “moving from 
mixer” and “moving from building elements”. In addition 
to that, the appearance of the concrete mixer is an 
indicator of pouring. If there is no mixer on-site, the crane 
is not involved in the pouring process.  

Figure 5: Relationship patterns for process reasoning 

Once the relationship patterns are detected in the graph, 
the state information is stored in the equivalent state 
nodes. Subsequently, the process chain is created by 
sequential states containing start and end times. This has 
the advantage of querying the elapsed times 
straightforwardly. The start of the process chain is defined 
by the first time the concrete bucket gets loaded by the 
concrete mixer. The process chain ends once the bucket 
no longer returns to the concrete mixer and has moved 
away from the element. The link to the as-planned zones 
is created through the projected tip of the hose once it 
intersects with the corresponding zone. The process chain 
is used to investigate the elapsed time of individual states, 
the number of cycles, and the amount of concrete used 
during the process. 

Case Study 
The case study, shown in Fig. 6, was conducted on a 
building construction project near Munich, Germany. The 
building was partially constructed using cast-in-place 
concrete pouring. 

Figure 6: BIM model and crane camera perspective from the 
construction project 

465



Data and setup 
The images were taken every 30 seconds from fixed crane 
cameras at diverse heights and perspectives. The dataset 
consists of a total number of 270k images. The annotated 
image dataset containing 325 images was split by 80/20. 
An additional model trained on the MOCS dataset 
(Xuehui et al., 2021) was included in the pipeline to detect 
workers. The model training on a Nvidia RTX 8000 GPU 
took 0.98 hours. To receive the as-planned geometry, we 
used an existing IFC model of the building. A Neo4j 
server was set up in a docker environment to host the 
labeled property graph. Four concrete pouring examples 
were investigated with a total number of 623 images. 

Results 
The YOLOv8 model was trained on 79 epochs and 
reached an mAP score of 92.1 %, as shown in Table 2. 
The hose class performed weaker than the other classes 
due to fewer occurrences in the dataset. 

Table 2: Object detection results 

class Precision Recall mAP0.5 

bucket 92.6% 98.3% 97.7% 
hook 97.6% 96.9% 99.2% 
concrete 
mixer 

98.1% 97.4% 97.8% 

hose 87.3% 77.8% 73.5% 
all 93.9% 92.6% 92.1% 

The model was deployed batch-wise using a self-
implemented PyTorch-based environment. The extracted 
image information was inserted into the Neo4j graph 
database using the Python library neomodel and the 
ontological model, illustrated in Figure 4. Using the 
distinct relationship patterns, the state nodes were 
generated and integrated into the graph. Based on the 
start- and end-time attributes of the state nodes, the 
elapsed time was queried. The buckets’ bounding boxes, 
timestamps, and the particular concrete pouring states 
were annotated across two datasets to evaluate the ground 
truth of all states. The first dataset contained 119 samples; 
the second dataset contained 184 samples.  

Figure 7: Comparison of the bucket’s pixel coordinates 
between ground truth and detection result in dataset 1 

Figure 8: Comparison of the bucket’s pixel coordinates 
between ground truth and detection result in dataset 2 

Figures 7 and 8 illustrate the bucket detection accuracy by 
comparing the coordinates of the buckets’ bounding 
boxes against ground truth data. The comparison is 
conducted over all timestamps across the two datasets, 
providing insights into the accuracy of the detection 
algorithm relative to the actual positions of the buckets. 
The predicted pouring states compared against the ground 
truth are shown in Figures 9 and 10. A state accuracy of 
92.44% was achieved for the first dataset and 95.11% for 
the second dataset. The consistency and precision 
depicted in Fig. 7 and 8 underscore the robustness of the 
bucket tracking mechanism. However, Fig. 9 and 10 show 
some challenges in the state reasoning. Our method 
performed better on the second dataset due to the lower 
frequency of cycles.  

Figure 9: States of the pouring phase in dataset 1 

In particular, states with shorter durations are more 
challenging to detect. It is important to note that exact 
moving times cannot be computed for the rare cases of 
moving time below the frames’ interval (30 seconds). 

Figure 10: States of the pouring phase in dataset 2 

We investigated the elapsed time of four different 
concrete pouring samples with the introduced pipeline. 
The times of the individual phases and the number of 
cycles are shown in Table 3. In general, pouring consumes 
most of the time. The results show that the process’s time 
can significantly vary depending on the construction 
scenario.  
In certain situations, precisely when waiting for the 
following concrete mixer’s arrival, the moving time of the 
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bucket substantially differs. Moreover, factors like 
location and size of building elements play a substantial 
role. To allow further investigations, the amount of 
concrete volume was calculated based on the IFC model 
and included in the approach. For this step, the geometry 
from the IFC model was derived and processed using 
IfcOpenShell. Based on the building floor, the building 
elements’ vertices were projected to the corresponding 2D 
floor, and polygons were generated to define the building 
elements’ region, shown in Fig. 3. The grid was created 
using 15x15 metre cells. All building elements within a 
cell were considered and summed up to get the total 
volume amount of the cell. Finally, the correlating grid 
cell was determined based on the projected basepoint of 
the hose’s bounding box and linked within the graph. 
Further studies of this topic will be included in future 
publications of the authors.  

Table 3: Elapsed time of the specific cast-in-place states 

Sample No. 1 No. 2 No. 3 No. 4 
No. cycles 7 2 7 3 
Loading 0:13:06 0:05:04 0:20:44 0:03:31 
Moving 0:04:12 0:05:05 0:23:24 0:11:11 
Pouring 0:34:52 0:10:06 0:54:04 0:45:31 

Discussion and Future Work 
The case study results validate the feasibility of our 
proposed KG-enhanced CV approach in monitoring and 
analysing the concrete pouring process. Capturing images 
at 30-second intervals ensures sufficient granularity, 
achieving 92.44% and 95.11% accuracy in identifying 
concrete pouring states. This accuracy surpasses previous 
efforts, such as the 84.7% reported by Gong & Caldas 
(2010).  
With satisfactory accuracy, the case study also 
demonstrates our methods’ superiority in flexibility and 
extensibility through our innovative adoption of KG in 
enriching CV systems. Traditional CV methods have a 
limited application scope, often requiring site-specific 
model training and manual annotations for critical areas, 
with a lack of correlation between crane operations and 
construction progress. Our approach uses CV to identify 
basic construction objects like workers, concrete mixers, 
and buckets, enhancing detection success.  
The KG then streamlines their relationships with semantic 
context, enabling a generalisable data interpretation that 
adapts to changing construction contexts (e.g., concrete 
loading areas) without reprogramming. This facilitates 
efficient and resilient processing of diverse data across 
various construction stages, even different projects. 
Additionally, this method employs grid-based mapping to 
indirectly link crane operations with building elements. 
Although this connection is approximate, it can be further 
refined to recognise the specific elements being poured 
based on the positions of workers in a particular zone.  
As a result of this method, the data on concrete pouring 
states offers a dynamic, real-time view of on-site resource 

coordination, uncovering subtleties often missed in 
traditional monitoring. For instance, KG analysis reveals 
that prolonged “moving states” usually miss workers who 
operate the nozzle. This indicates time wasted mobilising 
workers, suggesting potential optimisations in pouring 
sequences. For instance, pouring activities should 
prioritise the occupied zones to minimise workers’ travel. 
It also informs future development of our ontological 
model, where tracking worker movements could be 
valuable as it can highlight unnecessary movements. 
Despite its innovative aspects, our approach has 
limitations. Currently, it focuses on crane-and-skip 
methods, with pump-based pouring scenarios outside our 
scope. Meanwhile, its success hinges on accurately 
detecting discrete states based on spatial relationships 
between construction elements, which can fail in cases of 
occlusion or distance. In particular, the hoses have a lower 
detection accuracy compared with other classes, 
suggesting the vulnerability of current reasoning rules. To 
address this, additional parameters and reasoning rules 
could be used to infer pouring states. For example, the 
distances between concrete buckets and workers, along 
with buckets’ moving speed, can be used for reasoning. 
Future work will also explore graph-based machine 
learning, such as graph neural networks, for automated 
state classification. 

Conclusion 
This paper introduces a KG-enhanced CV approach to 
monitoring concrete pouring. By integrating KG with CV, 
this method offers a dynamic and adaptable system 
capable of interpreting complex site dynamics and 
managing incomplete data. Achieving high accuracy rates 
of 92.44% and 95.11% in identifying concrete pouring 
states, our approach matches or surpasses earlier efforts in 
terms of data interpretation accuracy. 
The strength of our method also lies in its ability to 
efficiently process big data with diverse quality and adapt 
to changing construction contexts, such as varying 
concrete loading areas, without needing reprogramming. 
This adaptability extends across different construction 
stages and projects, showcasing its potential for broad 
applicability. Additionally, the use of grid-based mapping 
to correlate crane operations with as-planned BIM 
models, although approximate at the moment, opens 
avenues for more precise recognition of specific pouring 
elements, even when cameras are positioned at a distance. 
In general, our approach’s real-time data analysis 
capability offers a nuanced view of concrete pouring-
related resources, effectively highlighting 
miscoordinations. These insights pave the way for 
optimising resource allocation and improving site 
productivity. Anticipated further research aims to 
integrate this KG with semantic knowledge related to the 
pump-based concrete pouring method and enhance 
independence from the detection of site-specific or hard-
to-recognise objects (e.g., hoses) by analysing the spatial 
relationships of easier-to-detect objects (e.g., buckets and 
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workers) or employing machine learning algorithms to 
discover patterns in KG’s topology for classification.
In summary, our KG-enhanced CV method represents a 
significant stride in concrete pouring monitoring, offering 
improved accuracy, adaptability, and insight into 
construction processes. It promises to reshape traditional 
practices, leading to more efficient and effective 
construction project management. 
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Abstract 

Nowadays, the complexity of housing design has grown 
substantially to meet multitudinous requirements (e.g., 
cost, space, esthetics, sustainability, circularity, and 
modularity) of diverse stakeholders, which poses great 
challenges to traditional labor-intensive design processes. 
Automatic design tools are being developed to assist 
designers handle tedious work at scale. However, 
knowledge gaps still exist in harnessing deep learning 
models to learn from human experience for more efficient 
design generation while keeping the data understandable 
and interoperable. Moreover, human-in-the-loop 
approach is largely neglected in the automatic design 
tools, which are essential for more customized and user-
centered design. This research utilizes graph data to 
parametrically represent housing designs and graph-
representative deep generative models for design 
generation, which provides an interactive design approach 
for the users at every step. This method enables deep 
learning models to semantically understand hidden 
patterns and knowledge in housing designs and facilitate 
the human-centered design process by returning feasible 
and parametric housing design alternatives. All codes can 
be found at: https://github.com/jlhofland/housing-design. 

Introduction 

The design process has been identified as one of the most 
significant elements influencing housing quality (Hamzah 
et al., 2011). Traditionally, the creation of housing designs 
has involved labor-intensive, manual processes, relying 
on the expertise of designers. This conventional approach 
has been characterized by iterative design revisions and 
historical references. However, it faces challenges related 
to scalability and adaptability to evolving societal needs 
(Williamson and Wong, 2022). In response to these 
challenges, recent advancements in technology and more 
specifically in the area of Generative AI have introduced 
the possibility of partially automating the housing design 
process (Ko et al., 2023). These advancements have the 
potential to accelerate design iterations and augment the 
creativity of the proposed designs (As and Basu, 2021). 
While various techniques for automatic housing design 
generation offer distinct advantages, they also come with 
some limitations. Generative Adversarial Networks 
(GANs) have the ability to produce realistic floorplan 
images (He et al., 2022; Wu et al., 2019). However, the 
image-based approaches lack interoperability with 
common architectural applications (e.g., CAD and BIM) 
(Ko et al., 2023). Moreover, it is hard to incorporate 
various constraints and user requirements into the image-

based floorplan generation models. Graph-based methods 
like Graph Neural Networks (GNNs) can be a 
complementary approach which has good interoperability 
due to its parametric nature and compatibility with state-
of-the-art generative models (Guo and Zhao, 2023). 
Therefore, it is worth noting that a promising approach 
lies in combining GANs with graph-based methods for 
their generative ability and interoperability.  
Numerous studies have incorporated graphs as semantic 
representation to guide the floorplan generation with 
GAN, which could be referred to as graph-constrained 
Relational Generative Adversarial Networks (RaGAN) 
(Nauata et al., 2021, 2020; Shabani et al., 2022). By using 
graphs, the users can more easily input and modify the 
layout at the semantic level, which provides a user-in-the-
loop approach and ensures that the model not only 
produces functional designs but also aligns closely with 
the user requirements. Bubble diagrams have long been 
used as a conceptual tool in housing design for visualizing 
spatial relationships and zoning (Zheng and Petzold, 
2023), which has been widely incorporated as graph input 
to guide floorplan generation with GANs in existing 
models (Nauata et al., 2021, 2020; Shabani et al., 2022). 
However, most of the models only generate floorplans 
based on bubble diagrams given by users and neglect the 
room layout arrangement task in the conceptual design 
stage (Nauata et al., 2021, 2020; Shabani et al., 2022). 
Moreover, bubble diagrams primarily serve as a 
conceptual tool in housing design for visualizing numbers 
and spatial relationships among rooms, which can not 
incorporate constraints from building boundaries (Zheng 
and Petzold, 2023). Graph2Plan (Hu et al., 2020) allows 
for building boundaries as user input and then extracts the 
layout bubble diagrams and generates floorplans. 
However, Graph2Plan does not generate the graph but 
rather retrieves it from a set of similar floorplans from a 
database. This makes it less flexible as certain input 
constraints might not coincide with the floorplans in the 
database. Moreover, the adjacencies between rooms and 
exterior walls cannot be defined. It is of vital importance 
to incorporate such conditions if the housing design needs 
to fit into constraints from existing walls and rooms, 
which happens a lot in renovation cases. Also, the edge 
features of the graph are non-configurable, which means 
it does not allow for interior doors to be specified by the 
user.  
Heterogeneous graphs could offer a more expressive 
approach for housing design generation by providing a 
data-driven framework that explicitly encodes the 
attributes and relationships among different rooms and 
components (e.g., walls, windows, and doors) (Gan, 
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2022). Therefore, instead of using bubble diagrams, we 
develop heterogeneous graphs to capture complex 
constraints and diverse attributes for more powerful and 
versatile housing design generation. To achieve higher 
flexibility, we generate both layout graphs and floorplans 
by using generative models based on graph representation 
(Figure 1).   

Figure 1: Interactive design generation process where the dots

are walls and rooms, and edges represent adjacency. For 

envisioned graphical interfaces see Figure A4. 

Specifically, heterogeneous graph representation will be 
developed to explicitly encode the attributes and 
relationships among the exterior walls and rooms which 
would enable users to input their requirements and 
constraints (Step 1). Starting from the input, our 
generative housing design pipeline encompasses layout 
graph generation model (Step 2)  and floorplan generation 
model (Step 3), which are developed based on DGMG (Li 
et al., 2018) and RaGAN from Housegan++ (Nauata et al., 
2021) because of its wide adaptability and state-of-the-art 
performance. We made improvements to the models by 
incorporating edge features in the message passing over 
heterogeneous layout graphs. On top of this, the user can 
intervene at each step in the pipeline to make changes to 
all interim results. By doing this we create a model that 
proactively keeps the user in the loop and achieves more 
user-centered design through a collaborative approach 
compared with end-to-end models (e.g., FloorGAN 
(Upadhyay et al., 2023)). 

Research Methods 

Overview 

An overview of the pipeline is illustrated in Figure 2, 
where the top depicts user interaction and the bottom is 

model training. Starting with the user-input file 
containing user constraints, augmented DGMG (see next 
sections) will generate nodes and edges to finish the 
layout graph. User interaction is available to evaluate the 
generated layout and make changes along the way. When 
they are satisfied, the pipeline will pass the layout graph 
to Hetero-HouseGAN++ (HHGPP, see next sections) for 
floorplan generation by representing the spatial 
configuration of rooms through masks, which would then 
be saved in parametric format. A final user-input step will 
occur offering to regenerate the plan as necessary.  
Initial user input: The user can input the building 
boundary and specify the location of entrance doors. It is 
also allowed to provide initial constraints such as the 
number of rooms for each type. More importantly, the 
location and adjacency of certain rooms can be specified 
in the input as partial layout graphs, which is an essential 
feature for the renovation housing design. It should be 
noted that only a text-based interface is available for 
initial user input now, which, however, can be 
transformed into a graphical interface and embedded into 
domain applications (e.g., CAD and BIM) in future work. 
The envisioned graphical interface is depicted in Figure 
A4. 
Generation of layout graph: To generate the customized 
layout graph based on user input, we adopt a graph 
generation model based on augmented DGMG (Li et al., 
2018). The generated layout graph will explicitly 
formulate the adjacency relationships of rooms and walls. 
For instance, a bedroom could be adjacent to the south 
side of an exterior wall and connected to the north side of 
the living room through an interior wall with a door. The 
model will be trained on the large-scale floorplan dataset 
LIFULL, which was transformed into parametric 
representation (Nauata et al., 2020). The users can 
evaluate and modify the generated layout graph or 
regenerate it based on their preferences. 
Generation of floorplan: To acquire the floorplan with 
precise spatial configurations that fits the layout, we adopt 
a graph-constraint RaGAN based on Housegan++ 
(Nauata et al., 2021), which is referred to as HHGPP. The 
model could aggregate the features of the layout graph 
through message passing and generate the spatial 
configuration of rooms as volume masks. The output of 

Input
Generate

Layout Graph

Generate

Floorplan

12-10-2023 10

1 2 3
DGMG RaGAN

Figure 2: Pipeline for housing design, top: user interaction, bottom: model training 
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the pipeline will be a parametric floorplan and a graph that 
depicts the layout arrangement, which can be fed into 
domain applications for further editing and optimization.  
The following sections explain these steps in more detail. 

Initial user input 

The user could input the requirements and constraints for 
the housing design(Step 1, Figure 3). The requirements 
would be represented as a conditioning vector. The 
constraints would be transformed into a partial graph 
(Step 2, Figure 3). 
User input: 

• A vector representing user requirements: the
number of various room types, and additional
entries indicating if the room quantity is upwards
flexible (3 vs 3+ for example).

• The constraints from building boundary and
predefined location of rooms (i.e., preferred
location of specific rooms or fixed location of
existing rooms), transformed into heterogenous-
graph representation: exterior walls as nodes (node
features with starting and ending vertices, final
element indicating with entrance door or not);
corners which connect the exterior walls as edges
(edge feature represent the corner type); predefine
rooms as nodes (node feature represent room
types); adjacency between rooms and exterior
walls as edges (edge features represent relative
direction); adjacency between rooms as edges
(edge features represent the relative direction and
connection type (i.e. through a wall or a door, or
directly connected)).

Generation of layout graph 

In this section, we develop the model to generate layout 
graphs conditioned on user input by completing the input 
partial graph from user constraints. User requirements 
such as the number of bedrooms and bathrooms are fed 
into the model as a conditioning vector (Li et al., 2018) to 
generate graphs that meet a client’s needs. The graph 
generation model is based on augmented DGMG, which 
could incorporate edge features in the message passing for 
heterogeneous layout graph generation. Through training 
over a large set of real architect-created home layout 
graphs (Nauata et al., 2020), the model learns to generate 

graph layouts that respect various implicitly learned 
architectural design rules and meet user requirements and 
constraints. 

Figure 3 Layout Graph Generation Model. D(decision), E(Add 

Edge), C(Choose connection), N(Add Node). Det. specifies that 

the process is deterministic, while, L. states that the step is 

learned from data. 

The layout graph generation process based on augmented 
DGMG follows an autoregressive generation mode (Li et 
al., 2018), which is depicted in Steps 3 and 4, Figure 3. 
The general procedure and our modification are described 
as follows, and a more detailed illustration can be found 
in (Li et al., 2018). 
Layout graph generation: 

(a) Choose to add a new node A (yes/no).
(b) Choose to add a new edge from source node A

(yes/no).
(c) If yes:

i. Choose a destination node B from pre-
existing nodes in the graph. In this research,
we also predict the feature of the added edge
in this step.

ii. Perform GNN message-passing to update
node representations. In particular, we
augment DGMG by incorporating edge
features in the message passing.

When the model chooses not to add another node, the 
graph is complete. The output of the model would be a 
complete layout graph, which could be evaluated, edited, 
and regenerated through the envisioned user interface. 

Generation of floorplan 

To generate the floorplans with precise spatial 
configuration of rooms that respect the constraints 
specified in this heterogenous layout graph, a graph-
constraint RaGAN is developed based on augmentation of 
Housegan++ (Nauata et al., 2021) (Figure 4).  

Figure 4 Floorplan generator (top) and discriminator (bottom). ConvMPN is our backbone architecture [9]. The input graph 

constraint is encoded into the graph structure of their relational networks. 

Input layout graph Conv-MPN/ Upsampling

Noise

Initialization

Convolution

Output floorplan

Rendering

Conv-MPN/ Downsampling

Convolution

Input floorplan
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Pooling
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…
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…
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Hetero-HouseGAN++ (HHGPP) is a generative 
adversarial network whose generator transforms input 
data (lists of data representing layout graph, e.g. nodes, 
edges, features, etc.) through Convolutional Message-
Passing Network (ConvMPN) into pixel-based room 
masks. These room masks are later vectorized into 
parametric representations of floorplans. The 
discriminator then performs the reverse process, starting 
with room masks, and resulting in a binary response as to 
the validity of the room masks it was provided, given the 
graph data also fed in alongside.  
Our improvement in HHGPP compared with Housegan++ 
includes incorporating new node types, edge types, and 
node and edge features for graph-constrained floorplan 
generation. First, GNN message-passing occurs as 
convolutions over a large data block constructed as the 
concatenation of the graph node feature volumes, the 
pooled features volumes of their neighbours which get 
encoded with the edge type and edge features across these 
connections, and the pooled feature volumes of the 
disconnected nodes. These convolutions happen three 
times, downscaling as we go to result in the final encoded 
nodal feature volume representations. The second 
innovation is to use conditional generation whereby some 
room masks are predefined during mask generation such 
that the generator learns to paint the remaining masks for 
the floorplan.  

Results and Evaluation 

Training data preparation 

All the data used for this project are extracted and 
augmented from the LIFULL dataset (available at: 
https://www.nii.ac.jp/dsc/idr/en/lifull/), a database of real 
floor plan designs. Each floor plan is represented as a list 
of values for room ID and type, room bounding boxes, 
floorplan edges, edge adjacencies, and IDs of edges with 
doors. Note that edges here refer to exterior and interior 
walls, not graph edges.  
We filter out floorplans with either completely 
disconnected rooms or rooms that are only connected at a 
corner. From this raw data, we create two types of files 
used for training the layout graph generation model: user-
input files and sequences of graph generation. For training 
the floorplan generation model, we transform the 
bounding boxes of rooms into the masks (3D volumes) of 
room nodes to represent their spatial configurations. The 
pairs of layout graphs and floorplans (graphs with masks 
for room nodes) will be used to train the generator and 
discriminator in the HHGPP. 

Network training 

The layout graph generation model will be trained through 
teacher forcing throughout the autoregressive generation 
process of DGMG (Li et al., 2018). The sequences-type 
files are lists of the ground-truth answers to the sequential 
generation questions, “should another node be added ?”, 
“what node should this edge be connected to?,” such that, 
when followed, producing the precise home layout graph 
corresponding to the LIFULL homes. Some decisions in 
the sequence are binary yes/no responses, while others are 

multi-class prediction-type responses. In either case, 
decisions are of a discrete number of choices and proceed 
by the model calculating a prediction for the logits of each 
response type. This is a numerical value where a highly 
positive value represents high confidence in that 
prediction value being the correct one, while a low or 
highly negative value indicates low confidence in that 
option.  
We then convert these predicted logits to probability mass 
values (or likelihoods) via the sigmoid (binary) or softmax 
(multi-class) equations. Finally, our loss accumulated at 
each decision is equal to the negative log of the predicted 
likelihood for the correct response. Minimizing this value 
then seeks to maximize the likelihood of the correct 
response. The corresponding loss function is illustrated in 
(1): 

loss=−log(softmax(predicted−logits))|correct−res
ponse                                                                                  (1)  

During training, the model will make a predicted answer, 
and loss will be accumulated if the answers are wrong. 
After each batch, the loss is backpropagated through the 
various network layers, and the model parameters are 
updated to minimize this loss. The loss and generated 
graphs can be found in Figure A1 and A2. 
To train the floorplan generation model, we iterate 
through the dataset in batches, following a typical training 
process of GAN models by iteratively training the 
discriminator, and then the generator, each per batch. 
Training the discriminator involves generating a set of 
room masks, and passing these into the discriminator to 
get a “fake validity” score (binary response, real or fake), 
then passing in the corresponding real masks to get a “real 
validity score”. These are summed with fake scores 
negated, along with a gradient penalty term. This loss is 
then used to backpropagate and update weights. Training 
the generator then proceeds by the generator producing 
masks, the discriminator scoring them, and any predicted 
as fake are counted up as the loss. Additionally, to train 
the generator to not change the conditioned masks, an L1 
loss between the conditioned and generated masks is 
added to the discriminator loss. The detailed description 
of the loss function can be found in (Nauata et al., 2021, 
2020). This loss is then backpropagated over the generator 
and weights are updated (Figure A3).  

Evaluation 

In this section, the evaluation methods are discussed at 
different points in the pipeline. 
The validity of the generated layout graph is evaluated 
based on compliance with user input and basic design 
rules. It should be noted that the quality of the generated 
layout should be evaluated from a more comprehensive 
architectural design perspective and with potential human 
expert evaluation for benchmarking against other models, 
which will be future works and will be discussed in the 
next chapter. The validity evaluation criteria for the 
current research are as follows: 

R1. the user input constraints are all fully met. 
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R2. all rooms have at least one door. 
R3. exterior walls connect to two other walls and 
one room, which ensures no solitary walls exist. 
R4. each room connects to at least one other room 
(or wall), which ensures no solitary rooms exist. 

R5. each room has outgoing room adjacencies that 
cover at least two cardinal directions. This attempts 
to ensure that a room is bounded in all directions. 
Ground truth homes show that 99.97% of homes 
meet this criteria. 

Table 1: Evaluation Validity Results for DGMG, 10x100 

Graph Runs 

R1 R2 R3 R4 R5 
Mean 0.13 0 0.061 0.091 0.337 
STD 0.126 0 0.167 0.201 0.192 

Table 1 shows the ratio of generated home layout graphs 
that fail each of the validity criteria. These results come 
from generating 100 layout graphs each from ten different 
user-input files, with results averaged over the ten runs. 
Finally, of the 1000 total graphs generated, they are valid 
54.1% of the time with a standard deviation of 25.5% 
between the ten runs. It should be noted that the failure 
rate to meet R5 is significantly higher, which implies that 
the graph-representative model finds it more challenging 
to capture the directional relationships among rooms. It 
will be discussed in the next section. 
The floorplan generation model is evaluated using the 
Fre´chet Inception Distance (FID). FID is a metric for 
image generators that evaluates the realism of the 
generated images by comparing them to a set of real, 
given images (Heusel et al., 2017). In our evaluation, the 
FID is used to assess the quality of the floorplans 
generated by the model using the floorplans in the 
LIFULL database. 

Figure 5 FID Score for HHGPP 

Our FID score, Figure 5, is calculated after roughly every 
50000 training steps. As the model learned, the floorplan 
generation model decreased the FID score from 504.2 to 
a final score of 98.1, indicating more realistic generated 
images. The score of 98.1 indicates a high similarity 

between the two distributions of real and generated 
images. Given enough computing power and training 
steps, the results could be further improved. 

Discussion 

We set out to show that housing design assisted by 
interactive AI based on graph representation is possible. 
Through the design of the envisioned user interface, 
review of the workflow, and evaluation of the supporting 
AI models, we have shown that architects have a new tool 
at their disposal to generate both home layout graphs and 
corresponding floorplans pertaining to their needs at 
higher efficiency. Currently, only a text-based interface is 
available for users. More advanced graphical interfaces 
could be developed and embedded into domain 
applications (e.g., CAD and BIM) based on the graph-
based approach. 
Both our augmented DGMG framework is a sufficiently 
capable architecture to learn to generate valid layout 
graphs that respect the user’s input constraints, and the 
graph-constraint RaGAN architecture present in our 
HHGPP model is sufficient to learn to translate layout 
graphs into floorplans that maintain the constraints. This 
is important because it shows that the user input is not too 
complex to be learned by generative models in general. 
However, the prediction of edge direction in the layout 
generation model is still imperfect. When the model adds 
a new node and a new edge from that node, it must then 
decide in what direction the connection will point. It is 
important to avoid contradictory constraints. The graph 
generation model still finds it hard to capture and fulfill 
all the hard constraints through learning. The reasons for 
the imperfection can be representation-related, model-
related, or training-related. We believe the training 
process is adequately done considering the loss has 
dropped to a reasonably low level in different training 
parameters. The graph representation of the floorplan is 
quite complex in our current approach, which contains 
different types of edges and nodes with different attributes 
and semantic meanings. The tradeoff here is that more 
expressive graph representation of the housing designs 
would leave us more possibilities in the interactive design 
process and in combining computational design 
approaches. But it could also be more challenging for the 
models to capture the complex semantic information in 
the representation of housing designs since the generative 
models are mostly developed for applications with simple 
representations and big data (e.g., predictions of proteins 
or monocular structures). 
To tackle this challenge, we will test different graph 
generation models (e.g., GraphRNN) to potentially 
identify the one with more expressive power. We would 
also try other graph representations for the layout to help 
the model better capture the embedded semantic and 
spatial relationships. In the meantime, the graph 
representation enables us to fix the generated layout 
through hardcoded rules. Also, different computational 
design methods can be implemented as complementary 
approach to the generative design by optimizing the 
results.  
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Another interesting finding is that small errors in 
generated layout graphs could result in noticeable 
contradictions in the corresponding generated floorplans. 
Even though the graph-based generative housing design 
pipelines allow more user interaction and control in every 
intermediate step, it could result in higher propagated 
error compared with end-to-end models. 
Due to time and resource limitations, we only validate our 
models regarding compliance with user input and basic 
design rules, and the realism of floorplans. To bring our 
approach forward, we would scale up the testing and 
evaluation in two ways, including developing the 
qualitative matrices to evaluate the architectural quality of 
the generative housing design through a computational 
approach and developing a graphical user interface for 
larger-scale user evaluation. We would also benchmark 
the performance of our model against other state-of-the-
art models in future research.  
Since the graph representation is parametric, our graph-
based approach could be compatible with various design 
tasks such as building equipment arrangement (Wang et 
al., 2019) and structural design (Zhao et al., 2024). It 
would be a promising direction to investigate how to 
integrate our graph-based method into a more generic 
design approach so as to ensure a more realistic and 
functional design solution. 

Conclusions 

In this paper, we presented an interactive AI framework 
for generative housing design, leveraging Graph Neural 
Networks (GNNs) and Deep Generative Models. Our 
approach, exemplified by the augmented DGMG 
framework for layout graph generation and Hetero-
HouseGAN++ (HHGPP) for floorplan generation, 
demonstrates the viability of incorporating user 
constraints and requirements into the generative design 
process. Through an interactive interface, architects and 
stakeholders could actively participate in the design 
workflow, ensuring the production of feasible and user-
centered housing design alternatives.  
Moving forward, several avenues for improvement and 
exploration emerge. Firstly, the model is still insufficient 
in predicting the edge features and meeting all hard 
constraints in layout graph generation. We will test 
different models and representations for more expressive 
power in the learning for generative design. Future 
research could also look into computational methods as a 
complementary approach to fix and optimize the 
generated design alternatives based on graph 
representation. Moreover, user feedback and architectural 
quality metrics will be integrated into the evaluation 
process, providing a more comprehensive assessment of 
the generated designs.  
This research would facilitate the housing design process 
through a collaborative and user-centered approach. The 
graph-based approach can also be integrated into more 
advanced design tasks (e.g., generative design of modular 
buildings based on BIM components library) due to its 
interoperability with the parametric data (e.g., IFC and 

IFCOWL), which would greatly facilitate the complex 
design process by harnessing the power of learning-based 
models and computational design approach. Despite only 
text-based interface is available for users currently, more 
advanced graphical interface could be further developed 
and easily embedded into domain applications (e.g., CAD 
and BIM) to facilitate the real-world design process. 
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Appendix 

Figure A1: Training of layout graph generation model 

Figure A2: Sample of generated layout graphs 

Figure A3: Training of floorplan generation model 
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Figure A4: Envisioned graphical user interface 

(a) Drawing outline of building using mouse. At each step we
can use the buttons in the bottom to navigate through the user
input steps.

(c) Add facade features like doors and windows. In our case we
only allow for the placement of doors as our model does not
include window information.

(e) Adding edges (connections) between rooms. We can define
wether or not the connection is an adjacency or door connection.

(b) Add length and angular constraints to each wall and corner.
The interface could allow for natural angles but currently our
model is only trained on angles of 90 degrees.

(d ) W e ca n  n o w  ad d  ro om s, n o tice  th a t th e  p o s itio n  o f th e  n o d es  
does not represent the spatial location. Our model only con- 
strains the amount of baths, beds and living rooms but can be 
expanded. 

(f) We can also add an adjacency/door between rooms with a
constrained relative direction. In the example, we say the bath- 
room should be south (S) of the bedroom without a door.
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Abstract
In this work, we introduce a novel construction simulation
system and the first photo-realistic synthetic video dataset
for the construction industry, named ConSynth. The sys-
tem simulates vehicle dynamics, worker behaviours, and
various environmental conditions (Figure 1), generating a
dataset of 200 video sequences and 24,000 images with
automated labels. Our experiments have shown that mod-
els trained on ConSynth achieve robust detection with less
reliance on real-world data, indicating enhanced diversity,
improved performance in underrepresented scenarios, and
substantial generalisability. Our work promises significant
advancements in construction safety monitoring through
computer vision.

Introduction
Background

Construction sites are inherently hazardous. With the in-
creasing application of deep learning techniques in safety
monitoring on construction sites, accurate detection of
construction equipment and workers has grown in impor-
tance. However, a significant barrier to this progression is
the limited availability of labelled data, such as images or
video frames, where each object (e.g. construction equip-
ment or workers) is identified and annotated with a bound-
ing box and a category. Currently, the two largest pub-
lic datasets in this domain are the Detecting Moving Ob-
jects in Construction Sites (MOCS) dataset (Xuehui et al.,
2021) and the Alberta Construction Image Dataset (ACID)
(Xiao and Kang, 2021). Although models trained on such
datasets have demonstrated the ability to effectively de-
tect a variety of construction equipment or workers, a no-
table ‘domain gap’ often exists in their applications on real
construction sites. This ‘domain gap’, a common issue in
deep learning, signifies the discrepancies in sample dis-
tributions between the data that models are being trained
on and the data in real-world applications. One common
solution is to collect and annotate extra data from target
construction sites and fine-tune the models. However, the
manual annotation is time-consuming and error-prone, in-
troducing noise and potential privacy concerns. Further-
more, the current focus of construction site datasets pre-
dominantly lies in 2D object detection, tracking, and in-
stance segmentation. Other critical perception tasks wit-
nessed in autonomous driving research, such as depth esti-
mation or 3D object detection, remain largely unexplored

Day Dusk

Afternoon Sunny

Cloudy Rainy
Figure 1: ConSynth contains video sequences initialised and

rendered with different domain parameters

in construction sites. This is mainly constrained by the
significantly increased data collection and annotation cost
associated with these tasks. To tackle these challenges, ex-
ploring synthetic datasets has emerged as a promising and
vital research direction.

Research gaps

While synthetic construction datasets provide significant
potential, investigations in current literature have revealed
several limitations. One common method involves ren-
dering 3D models of construction equipment or personnel
and superimposing them onto backgrounds of construc-
tion sites, known as the crop and paste method (Lee et al.,
2022). However, the generated images lack realism due to
inconsistencies in camera perspective and lighting with the
background images. Alternative methods attempt to craft
a construction site manually using 3d modelling software
and then render the models of construction objects within
it (Soltani et al., 2016; Neuhausen et al., 2020; Lee et al.,
2023). Yet, hand-crafting scenes fail to capture the details
and complexity of real-world sites. Moreover, manual cre-
ation is often limited to specific research contexts and is
difficult to adapt to general construction projects. Con-
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sequently, models trained on these synthetic datasets tend
to be constrained by substantial domain gaps, undermin-
ing their performance in actual application scenarios. In
the field of autonomous driving, strategies such as trans-
fer learning, domain randomisation, and domain adapta-
tion are typically employed to bridge this gap. However,
their application in construction site monitoring is still
rare. Lastly, most datasets for the construction industry
contain only images. These discontinuous images, sam-
pled at different intervals, restrict the extraction of spatio-
temporal features of the scene.

Contributions
The contributions of this paper are two-fold. First, we pro-
pose a digital twin-based simulator that simulates realis-
tic vehicle dynamics and worker behaviours. The simu-
lator also adapts domain randomisation with the weather
and lighting parameters to minimise domain gaps between
reality and simulation. Second, our proposed synthetic
dataset, ‘ConSynth’, is the first synthetic video dataset
in the construction industry with the aim to broaden the
scope of task applicability. This novel dataset provides
continuous image sequences with precise labels for tra-
ditional computer vision tasks, such as 2D and 3D ob-
ject detection, tracking, and instance segmentation, and
enables additional tasks such as depth estimation, action
recognition and behavioural analysis. Our research show-
cases that combining photo-realistic synthetic and real-
world data significantly improves model robustness and
accuracy in construction site scenarios, effectively reduc-
ing the reliance on extensive real-world data collection and
manual annotation. Our findings highlight the potential
of synthetic data in enhancing model robustness, offering
a solution for deploying computer vision in dynamic and
challenging construction environments.

Related Works
In this section, we review existing research on developing
datasets for deep learning applications. Initially, it outlines
the current state of real-world datasets in autonomous driv-
ing, underscoring the emergence of synthetic datasets as a
promising alternative to manual data collection. Follow-
ing this, the section discusses the development of synthetic
datasets in the construction industry.

Real-world Datasets
Deep learning models are highly data-dependent. Over the
past decade, the rapid advancement in autonomous driving
research has been significantly fuelled by vast amounts of
data from real-world sensors (Feng et al., 2021). The col-
laboration between the industrial and academic sectors has
led to the annotation and release of several mature datasets,
such as KITTI (Geiger et al., 2013), nuScenes (Caesar
et al., 2019), and Argoverse (Chang et al., 2019). These
datasets have catalysed the progress in autonomous driv-
ing research by supporting various tasks, notably 2D/3D
detection and tracking, depth estimation, and stereo vision.

In the construction industry, researchers are also devel-
oping datasets to train deep-learning models. Xuehui
et al. (2021) released the first large-scale construction site
dataset, MOCS, which offers around 42,000 images cov-
ering 13 common construction equipment categories, sup-
porting 2D object detection and segmentation. Similarly,
the ACID dataset (Xiao and Kang, 2021) provides 10,000
images covering ten types of construction equipment, tar-
geted primarily for 2D object detection. They have paved
the way for deploying 2D detectors like Faster-RCNN,
YOLO, andMask RCNN in the industrial sector. However,
compared with the autonomous driving sector, datasets for
the construction industry are still relatively scarce and lim-
ited to a narrow range of tasks.

Synthetic Datasets in Autonomous Driving

The development of synthetic datasets is emerging as a so-
lution to the challenges of data collection. In autonomous
driving, a pioneering example is the dataset introduced by
Richter et al. (2016), which utilises highly realistic im-
agery from commercial video games and intricate simu-
lations of interactions between pedestrians and vehicles to
provide pixel-level semantic segmentation labels. Com-
bining synthetic with real datasets such as KITTI (Geiger
et al., 2013) has enhanced model training accuracy while
reducing reliance on expensive manual annotation of real-
world data. Similarly, SYNTHIA (Ros et al., 2016) gen-
erates semantic segmentation labels for driving scenar-
ios using a simulator built with the Unity game engine.
Experiments in this work have demonstrated that mod-
els trained on SYNTHIA and fine-tuned with real-world
datasets show improved accuracy. VIPER (Richter et al.,
2017) extends the scope by providing annotations for mul-
tiple tasks, including 2D/3D object detection, multi-object
tracking, and optical flow estimation. Additionally, it in-
cludes data from five different environmental conditions
and diverse urban landscapes. AIODrive dataset (Weng
et al., 2020) provides point cloud data from LiDAR sen-
sors in varying densities, in addition to complete anno-
tations for object detection, and covers diverse scenarios
and weather conditions. CarlaScenes (Kloukiniotis et al.,
2022) provides a practical solution for annotating real-
world scene data for multiple challenging scenarios using
the CARLA simulator (Dosovitskiy et al., 2017). SHIFT
(Sun et al., 2022), another dataset based on the CARLA
simulator (Dosovitskiy et al., 2017), encompasses the 13
most significant perception tasks in the domain of au-
tonomous driving. The continuous domain shifts, a dis-
tinctive feature of SHIFT, enable the researchers to evalu-
ate the ’domain gaps’ and benchmark domain transfer al-
gorithms.

Synthetic Datasets in Construction

To date, the synthetic approach has not been thoroughly ex-
plored in the research domain of construction. Most stud-
ies used synthetic datasets for specific tasks where man-
ual data annotation is challenging. For example, stud-
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(a) Crop and paste (Lee et al., 2022) (b) 3D rendering (Barrera-Animas and
Delgado, 2023)

(c) Digital twin-based simulation (Ours)

Figure 2: Comparison of methods used in generating construction synthetic dataset. Our simulation system generates more realistic
images in terms of texture and environment.

ies by Soltani et al. (2016); Lee et al. (2022) rendered
3D models of excavators in various poses and superim-
posed them onto diverse construction site backgrounds to
enhance the accuracy of detecting excavators in images,
particularly smaller objects (Figure 2a). Similarly, As-
sadzadeh et al. (2022) synthesised images of excavators for
training object detection models and extended the research
to quantitatively analyse the role of domain randomisa-
tion in bridging the gap between synthetic and real-world
images. Neuhausen et al. (2020) used manually created
scenes and pre-captured motion animations to render 3D
worker models under varying lighting and weather condi-
tions, aiming to improve the tracking accuracy of construc-
tion workers. Additionally, Lee et al. (2023) employed
a game engine to create a synthetic dataset to enhance
the detection precision of workers’ small personal protec-
tive equipment for safety monitoring. Barrera-Animas and
Delgado (2023) expanded the research scope by covering
multiple equipment categories, combining a series of 3D
models, and rendering them under diverse lighting scenar-
ios. However, the effectiveness of these datasets is still
in question due to their severe lack of photorealism. Re-
sults indicated that models trained on these datasets per-
formed poorly when tested on real-world data Barrera-
Animas and Delgado (2023). Despite these limitations,
these pioneering datasets have laid the groundwork for de-
veloping more complex, multi-task synthetic datasets in
construction safety research.

Developing Construction Simulation System
and Synthetic Video Dataset
In this paper, we created a novel construction simulation
system to simulate the behaviours of various agents un-
der different lighting and weather conditions. Within the
system, we generated a novel synthetic video dataset, Con-
Synth, featuring annotations for various tasks. The overall
process can be found in Figure 3.

Generation of the Digital Twin

As discussed in the previous section, existing methods
generated images with a lack of realism. In this work, we

propose using a digital twin model to preserve the details
of actual sites. First, we selected an actual construction site
in northwest London, UK, as the case study area. Then, a
UAVwas scheduled to follow a pre-designed route over the
site, capturing images at a frequency of once per week. We
estimated the three-dimensional structure using the Struc-
ture from Motion (SfM) algorithms based on images and
the known camera parameters during capture. This pro-
cess involved the use of Bentley ContextCapture software.
Although our digital twin model was regularly updated to
reflect the continuous changes at the construction site, it
only includes the case study site and a small surrounding
area. A large proportion of the background was missing
when we used cameras within the simulator to capture im-
ages at a flat angle. Tremblay et al. (2018) found that di-
versity in the background of synthetic datasets is crucial,
as it encourages the model to learn the most representative
features of the target objects, thereby distinguishing them
from the complicated background. Expanding the UAV
capturing area would be computationally costly and time-
consuming. As an alternative, we integrated the 3D model
fromGoogle Earth to fill the distant scenery. After localis-
ing the scanned model in a geographic coordinate system,
we removed the scanned region from Google’s 3D model
and overlaid our model. This approach ensures the most
recent scanned model is used for the construction site area,
while Google Earth, with less frequent changes, is used as
the distant scenery.

Simulation of Site Logistics

The next step involves simulating the agents, such as the
construction equipment and workers, with realistic be-
haviours. This simulation comprises three parts: (1) site
road configuration, (2) generation of site agents, and (3)
movement of each agent.
To accurately represent the site road configuration, our ap-
proach involves creating a vector map in alignment with
the site’s logistic plan (Figure 5). We utilised the map han-
dling framework Lanelet2 (Poggenhans et al., 2018), a tool
prevalent in the autonomous driving sector for map read-
ing and trajectory planning. These vector maps, essential
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Figure 3: Diagram of the overall process to generate the synthetic video dataset within the construction simulation system

for autonomous driving, offer detailed vector-based road
information, including lanes, crossings, and intersections.
Leveraging Lanelet2, we implemented the behavioural
logic for agent movements. For instance, trucks are pro-
grammed to travel on vehicle lanes and navigate through
intersections, while workers are set to follow pedestrian
pathways and crossings. These movements are governed
by the underlying logic provided by the Lanelet2 frame-
work to ensure a more realistic simulation.
We then developed a rule-based system for generating
agents based on the vector map. Initially, we tagged haul
roads and one-way roads with a ’vehicle’ tag and intersec-
tions with both ’vehicle’ and ’intersection’ tags. Pedestrian
footways and crossings received a ’pedestrian’ tag. The
generation follows these rules:

1. Vehicles, such as dump trucks and mixer trucks, are
only generated on lanes tagged with ’vehicle’ and not
’intersection’, with aminimum spacing of Smin,veh and
a maximum of Nveh vehicles on the map;

2. Pedestrians are generated only on lanes tagged
’pedestrian’, with a minimum spacing of Smin,ped and
a maximum of Nped pedestrians on the map;

3. For candidate lanes tagged ’pedestrian’, we check if
the lane intersects with any lane tagged with ’vehicle’,
identifying it as a pedestrian crossing.

4. For each lane tagged ’intersection’, we use the k−NN
algorithm to cluster lanes belonging to the same inter-
section and generate a special agent as the controller:
the intersection agent.

All agent movements are based on their respective lanes.
Vehicles move on lanes tagged with ’vehicle’, randomly

choosing a connected lane at the end of their current lane.
If the upcoming lane belongs to an intersection, the corre-
sponding intersection agent will take over the control when
a vehicle approaches the stop line. Similarly, pedestrians
move only on pedestrian-tagged lanes and randomly select
the next lane. If a pedestrian crossing is found to be cho-
sen as the next lane, the agents check if the crossing holds
a ’walkable’ tag. If the tag is absent, they wait at the end
of the crossing. Otherwise, they continue to walk through
the crossing. Each intersection agent, simulating a traffic
light, sequentially checks its managed lanes with a ’vehi-
cle’ tag. For each lane, if a vehicle is found waiting at a
stop line, the agent allows it to pass through the intersec-
tion and assigns it to a lane at the other end. After a round
of checks, a ’walkable’ tag is added to all managed pedes-
trian crossings for a duration of t, allowing all pedestrian
agents to cross the vehicle lanes freely.

Domain Randomisation
One major drawback of the current public datasets in con-
struction is that most samples were collected under good
illumination conditions. Consequently, models trained on
these datasets struggle to handle adverse weather and light-
ing conditions effectively. To improve model robustness
under varying conditions, such as night and rainy and
foggy weather, we propose the use of domain randomisa-
tion. Specifically, we randomised the weather and time of
day in the game engine to create scenes with diverse ap-
pearances (Table 1).
Camera Placement
We developed an algorithm for camera placement to en-
sure that they capture agent movements in the camera view
rather than just the background. To begin with, we ran-
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Time

2D bounding box Instance segmentation Depth map Normal map
Figure 4: ConSynth provides continuous image sequences with precise labels of 2D bounding boxes, instance segmentation, depth
map and normal map. The dataset supports both image-based and video-based computer vision tasks including object detection and

tracking, instance segmentation, depth estimation, action recognition and behaviour analysis.

Figure 5: Vector map for the case study construction site

domly selected a point on one of the lanes from the vector
map. Then, a centre was set between zmin and zmax above
this point, generating a semi-sphere with a radius between
rmin and rmax. A point on the surface of this semi-sphere
was chosen randomly as the initial camera position. We
then performed ray tracing from the centre to this point to
avoid obstructions and repeated the selection process until
the view was unobstructed. A camera was then positioned
at this point, oriented towards the centre. Finally, we ran-
domised the camera’s intrinsic and extrinsic parameters,
including the field of view and orientation, to ensure our
dataset covers a variety of perspectives.

Automated Annotation
We leveraged Unreal Engine 5 for rendering photo-
realistic RGB images and mask annotations. In addition,
we developed a C++-based tool for automated annotation
that, for each rendered frame, collects 3D transformations
of all agents in the scene, including relative coordinates
(x,y,z), world coordinates (latitude, longitude,height), ro-
tation angles (ry), and dimensions of 3D bounding boxes
(lx, ly, lz). It also gathers camera intrinsic and extrinsic

Table 1: Distribution of domain randomisation parameters

Parameter Variations Probability

Weather Clear sky 0.20
Cloudy (Regular Cloud Cover) 0.10
Cloudy (Partial Cloud Cover) 0.10

Foggy 0.20
Rainy (Light Rain) 0.10

Rainy (Thunderstorm) 0.10
Overcast 0.20

Time of Day Daylight 0.75
Night-time 0.25

parameters, exporting them along with the agent transfor-
mations. The segmentation annotations are initially ex-
ported as mask images, where a unique colour represents
each agent. Following the generation, we utilised OpenCV
(Bradski, 2000), a public computer vision library for image
processing, to identify these colours and extract polygon-
based segmentation data. Finally, the tool calculates the
smallest enclosing rectangle from the segmentation as the
2D bounding box for each agent. The automated anno-
tation system, illustrated in Figure 4, is of significance in
reducing the time and resources required for the generation
of extensive, high-quality and accurate labelled datasets.

Dataset Statistics

Our ConSynth dataset encompasses 200 video sequences,
each uniquely produced within the digital twin environ-
ment using randomly varied parameters and captured from
different locations (see Figure 1). Every sequence consists
of 120 frames, recorded at 12 frames per second. Within
the dataset, we focus on three primary categories: work-
ers, dump trucks, and mixer trucks. The most populous
category is the workers, with 237,215 instances, which is
twice the number of dump truck instances. Mixer trucks,
being the least common type, have 31,800 instances. Fig-
ure 6 details the distribution across these categories. No-
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tably, the dataset totals 24,000 images, which results in an
average of around 15 instances per image. This density of
instances is vital for training robust models, offering a di-
verse and comprehensive range of data for each category.
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Figure 6: Distribution of different categories (workers, dump
trucks, and mixer trucks) in the ConSynth dataset.

The images generated in the ConSynth dataset have a res-
olution of 1920 × 1080 pixels. We referred to the stan-
dards for object sizes set by the COCO dataset to analyse
the distribution of objects of various sizes. According to
COCO, in images of 640×480 resolution, objects with an
area less than 32×32 pixels are classified as small objects,
and those less than 96×96 pixels as medium objects, with
the remainder being large objects. We scaled this standard
proportionally to match our resolution, resulting in the dis-
tribution of small, medium, and large objects in our dataset
being 63%, 24%, and 13%, respectively.
This significant presence of small objects in the dataset
is a critical feature, as it aligns with real-world scenarios
where computer vision models need to identify small yet
significant objects on construction sites, commonly work-
ers. To empirically evaluate the effectiveness of the Con-
Synth dataset in addressing real-world challenges, the next
section will present a series of experiments. These experi-
ments are designed to test the dataset’s performance in en-
hancing object detection in real-world construction sites,
particularly of small objects.

Experiments
In this section, we explore the effectiveness of using the
synthetic ConSynth dataset in the field of object detection,
with three focuses: enhancing real data with ConSynth to
improve model performance, reducing the reliance on real
data by leveraging ConSynth, and evaluating the perfor-
mance of ConSynth in a case-study construction site.
Training and Validation Setup
Weemployed theYOLOv8model, a commonly used open-
source one-stage object detector known for its anchor-
free design, fast speed, and high accuracy. We used two
datasets for training: a real dataset and a synthetic dataset
(i.e. ConSynth). The real dataset combines the largest
available construction site datasets, MOCS (Xuehui et al.,
2021) and ACID (Xiao and Kang, 2021). For ACID, we
split it into 80% for training and 20% for validation. The
80% from ACID was merged with the MOCS training set

(a) Real (MOCS +
ACID)

(b) Synthetic
(ConSynth)

(c) Case study

Figure 7: Examples from the experiment datasets. ConSynth
dataset provides images similar to images from the case study
dataset but targets adverse lighting and weather conditions.

to form our training dataset, and the 20% was combined
with the MOCS validation set for our validation dataset.
The final composition of the real dataset included 24,233
images in the training set and 5,219 images in the valida-
tion set. For the ConSynth dataset, encompassing 24,000
images, we similarly allocated 80% (19,200 images) for
training and 20% (4,800 images) for validation.
We also created another dataset, the case study dataset, for
validation independent from any of the training datasets.
We collected 500,000 images from real cameras at the case
study construction site, which covers various construction
equipment, personnel, weather, and lighting conditions.
From these, 10,000 images were randomly selected fol-
lowing a normal distribution. Using aMobileNetv2 model
(Sandler et al., 2019) trained with the ImageNet dataset
(Deng et al., 2009), we computed the visual embeddings
for each image and selected the 100 most unique images
based on these embeddings. These images were then man-
ually annotated and reviewed by experienced engineers.
Examples from these datasets can be seen in Figure 7.
The training was conducted on four RTX 4090 24G GPUs
with a batch size of 16 over 100 epochs. The base learning
rate was set to lr0 = 0.002, employing an SGD optimiser
with a learning rate factor of lr f = 0.01. The size of the in-
put image was maintained at 640×640. After the training,
a key performance metric, mean Average Precision (mAP),
was employed to evaluate each model’s performance. The
mAP is defined as the percentage of correct predictions,
algebraically represented as:

mAP =
T P

T P+FP
(1)

where T P denotes the number of true positives, FP repre-
sents the number of false positives.

Enhancing Model Performance with Synthetic Data
This section explores the impact of using the synthetic
dataset ConSynth on model performance in three scenar-
ios: (1) training separately on real and synthetic train sets
and validating on their respective validation sets; (2) train-
ing separately on real and synthetic train sets and validat-
ing on the other validation set; (3) training on combined
train sets and validating on combined validation sets. The
results are detailed in Table 2.
Our research found that models trained on both the real
and synthetic datasets performed well on their respective
validation sets, indicating the effectiveness and domain-
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Table 2: Performance Comparison of Models. Notably, models trained solely on the Consynth dataset improved the accuracy of
detecting dump trucks by 20%. Models trained on the combined datasets improved the accuracy of detecting dump trucks by 40% and

all classes by 13%.

Train Validation Worker Dump Truck Mixer Truck All Classes

Real Real 62.6 67.2 78.3 69.3
Synthetic Synthetic 31.3 69.8 68.1 56.4

Real Synthetic 6.1 11.4 10.2 9.3
Synthetic Real 9.0 3.8 4.3 5.7

Real + Synthetic Real 62.8 65.1 75.6 67.8
Real + Synthetic Synthetic 25.9 64.7 61.9 50.8

Real Case Study 10.4 6.4 13.1 9.9
Synthetic Case Study 1.9 7.7 (+1.3) 3.1 4.2

Real + Synthetic Case Study 10.5 (+0.1) 9.0 (+2.6) 14.0 (+0.9) 11.2 (+1.3)

specific robustness of the datasets. However, the perfor-
mance of these models on the opposite validation sets was
poorer. This performance drop is primarily attributable to
the domain gap between the real and synthetic datasets.
Despite our efforts to minimise this gap through photo-
realistic rendering and domain randomisation during the
data generation, a discernible difference remains. Another
reason for the performance discrepancy is that the Con-
Synth dataset more closely resembles the data collected
from the specific construction site used in our case study.
The distribution of object types, appearances, and sizes
in ConSynth differ from those in the public construction
datasets, creating an inherent domain gap that will be fur-
ther analysed in subsequent sections.

We also combined the real and synthetic datasets to bridge
the gap between domains. Interestingly, the model trained
on the combined dataset showed a slight decrease in per-
formance metrics in each domain. However, this does not
necessarily indicate a deterioration in model performance.
Instead, it suggests that the model has adapted to data from
multiple domains, leading to a more generalised model.
This generalisation is a positive attribute, especially for
practical applications in complex construction sites where
conditions vary significantly.

To validate this generalisation, we evaluated all trained
models on the dataset created and annotated from the case
study construction site. As shown in Table 2, the model
trained on the synthetic dataset has shown promising im-
provement in dump truck detection as the Mean Average
Precision (mAP) improved by 20%. The model trained on
the combined dataset outperformed the other two models
in all aspects. Notably, the improvement in dump truck
detection was significant, jumping from 6.4 to 9.0 by 40%
while the mAP for all classes was improved by 13%. How-
ever, despite these improvements, all three models’ mAP
was generally low. This is attributed to the high reso-
lution of site cameras and the distance of these cameras
from the targets, resulting in small object sizes in the im-
ages. The down-sampling of high-resolution images from
1920×1080 pixels to 640×360 pixels for convolution op-
erations in the backbone likely leads to a loss of critical

features, intensifying the challenge of detecting small ob-
jects. Yet, with the presence of a large number of small
objects in the dataset, the ConSynth dataset helps enhance
themodel’s performance in detecting small objects on con-
struction sites.

Finally, we conducted a quantitative analysis of video
footage from our case study construction site to investi-
gate how the ConSynth dataset enhances model perfor-
mance in specific construction scenarios. The results, de-
picted in Figure 8, compare the performance of models:
(a) trained solely on the real dataset and (b) trained exclu-
sively on the ConSynth dataset, with the latter having no
exposure to real dataset images. The findings demonstrate
that the model can effectively learn features of different
classes from the ConSynth dataset and make accurate pre-
dictions, even without real data. In this comparison, the
model trained with ConSynth data notably reduced false
positives in the worker category and improved the detec-
tion of overlapping dump trucks, thereby reducing false
negatives. However, it struggled to detect workers partially
obscured by railings, a limitation likely due to a lack of
representative samples in the synthetic dataset. This issue
can be mitigated by combining the ConSynth dataset with
real data. Overall, the ConSynth dataset showed promis-
ing results, effectively reducing reliance on real data and
demonstrating significant potential.

(a) Model trained on real
dataset

(b) Model trained on ConSynth
dataset

Figure 8: Models trained solely on the ConSynth dataset yield
better accuracy in detecting dump trucks and comparable

accuracy in detecting workers.
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Relieving the Burden of Manual Labelling
In this section, we primarily explore how synthetic
datasets can alleviate the reliance on real-world
data. We randomly selected k samples from a
real training set comprising 24,233 images. The
sampling followed a normal distribution, where
k ∈ [100,200,400,800,1600,3200,6400,12800]. We
combined the selected samples with the entire syn-
thetic dataset to form eight distinct training sets. These
datasets were then used for training with the same
hyper-parameters from the previous section.
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(a) Model performance (mAP) on the real dataset
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(b) Model performance (mAP) on the case study dataset

Figure 9: Comparison of model performance in response to
varying proportions of real data in training. Reliance on real
data can be significantly reduced with synthetic data, especially

in underrepresented scenarios targeted by synthetic data.

Validation was performed on the real dataset’s valida-
tion set, and the results are depicted in Figure 9a as a
solid blue line. The dashed line represents the baseline
(mAP = 69.0%), which is the performance using only the
real dataset for training and validation. The graph indi-
cates that as the proportion of real data in themixed dataset
increases, the model’s performance on the real training set
improves, signifying the learning of domain-specific fea-
tures. While the mixed dataset did not surpass the base-
line, it is notable that when the real data was reduced by
47.2% (from 24,233 to 12,800), the model’s performance
remained close, with mAPs of 67.8 and 66.7, respectively.
Further reduction of real data to 26.4% (from 24,233 to
6,400) still resulted in a significant mAP (62.9%). This
demonstrates that mixing synthetic with real data for train-
ing substantially decreases the dependency on real data.
We also verified the performance of models trained on the
mixed datasets using data collected from a case study con-
struction site, as shown in Figure 9b. The dashed line rep-
resents the performance of models trained on real data for
this case study dataset. The trend observed was similar to

the previous experiment, where reducing the real data in
the dataset by approximately 75% still yielded comparable
performance. Notably, the model exceeded the baseline
performance on this dataset, indicating the use of synthetic
data in improving the model’s robustness. This can be at-
tributed to using a digital twin model closely resembling
the actual construction site in the synthetic data generation
process, which aids in improving the model’s performance
in underrepresented site scenarios.

Conclusions
In this work, we have introduced a digital twin-based sim-
ulation system for generating synthetic datasets for con-
struction site scenarios. Our method outperforms previ-
ous approaches by producing photo-realistic images to en-
hance the overall model performance in various construc-
tion scenarios. Moreover, we have introduced ConSynth,
a novel synthetic dataset. The dataset is the first video
dataset in construction that supports common perception
tasks and provides valuable annotations for potential tasks
which have not been extensively applied in the industry.
Currently, ConSynth includes three different categories
of construction personnel equipment. Future work could
expand the dataset’s scope by incorporating additional
construction equipment, such as excavators, loaders, and
cranes, into the simulation. This expansion would fur-
ther enhance the dataset’s applicability and relevance to
real-world construction scenarios. In addition, the mod-
els evaluated in this study exhibit a relatively low mean
Average Precision (mAP) for detecting small objects in
high-resolution images. Future work should conduct ex-
tensive experiments to explore improvements in mAP, po-
tentially through methods like data augmentation and ad-
vanced algorithms, including the Slicing Aided Hyper In-
ference (SAHI) (Akyon et al., 2022).
We anticipate that our approach will not only improve the
accuracy and robustness of computer vision applications
in dynamic and challenging construction environments but
also significantly reduce the costs associated with data col-
lection and labelling. With a richer dataset, computer vi-
sion models are expected to not only accurately locate key
targets and detect potential hazards but also contribute to
the proactive enhancement of safety monitoring on con-
struction sites, thereby mitigating risk and ensuring the
well-being of personnel. In light of this, the ConSynth
dataset will be made available at https://github.com/
tsl-imperial/ConSynth.
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Abstract 

Digital twin in the construction phase—termed 
Construction Digital Twin (CDT)—faces more 
significant challenges than in other phases, such as 
operation or maintained phase, due to the dynamic and 
evolving nature of construction sites and their broad 
spectrum of applications. To enhance our understanding 
of the CDT domain, it is crucial to clearly define it, 
establish a detailed taxonomy of its current applications 
and enabling technologies, and elucidate how attributes, 
data requirements, and technology choices within CDT 
vary across different construction applications. This 
objective remains unmet in existing literature, a gap this 
paper addresses through an approach combining 
systematic review, thematic coding, and 
conceptualization of CDT architecture comprising of five 
layers: sensing, communication, storage, analytics, and 
visualization. The study identifies seven major 
applications of CDT and maps them to the five 
architectural layers and their enabling technologies, 
providing insights into the suitability and prevalence of 
these technologies for specific applications of interest. 

Introduction 

Digital twin (DT) is an emerging and promising 
advancement that has the potential to transform the 
construction industry and drive its productivity (Boje et 

al., 2020; Opoku et al., 2021). DT is generally perceived 
as an up-to-date digital representation of a physical 
system and its functional properties leveraging data 
streaming from a wide range of data capturing and 
communication technologies (Sacks et al., 2020). It can 
provide data-driven insights about the state and 
performance of an object or a process in real time thus 
enabling informed decision-making capabilities. DT 
generally has three main elements: the physical 
environment, its digital representation, and the streaming 
of data/feedback that connects the two, enabled by data 
sensing technologies, artificial intelligence functions, and 
high-speed networking (Sacks et al., 2020).  
Although DT is still regarded as a nascent concept within 
the construction industry, it has attracted substantial 
attention from researchers over the past five years 
investigating its applications during the different phases 
of built asset projects, with a particular focus on the design 
and operational phases (Opoku et al., 2021). DT 
applications during the construction phase have been 
emerging recently and still require extensive research.  

Hence, this paper aims to present a systematic approach 
to reviewing, mapping, and classifying the different 
applications of DT exclusively during the construction 
phase of built assets, namely Construction Digital Twin 
(CDT). Doing so provides transparency to readers on the 
most comprehensive state-of-the-art applications of DT 
and further supports its adoption during the construction 
phase. This paper also aims to thoroughly examine the 
different DT systems presented within the literature to 
give a generalized anatomy of DT architecture and the 
different technologies integrated within its identified 
layers. This will provide knowledge of the concepts, 
technologies, and processes required to replicate or build 
upon existing systems thus enhancing the scalability and 
adaptability of future-developed DTs.  

Research Methodology 

A systematic review was performed by following the 
reporting checklist of PRISMA to present a transparent, 
replicable, updateable, and comprehensive summary of 
previous studies related to CDT domain. Three databases 
were selected (i.e., Scopus, Web of Science, and Google 
Scholar) for carrying out the preliminary literature search. 
For Google Scholar, the search string included keywords 
of “Digital twin” and “Construction site” or “Construction 
Phase” and only results within the first 30 pages were 
included as results were not relevant anymore to the scope 
of this search. For Scopus and Web of Science, these 
keywords were expanded to form a broad search string 
presented in Table 1. The search, unrestricted by 
publication date up to July 2023, retrieved 504 DT 
publications from three databases, which were then 
systematically filtered using the inclusion and exclusion 
criteria detailed in Table 2. Figure 1 summarizes the 
literature search and selection procedure. The final set of 
112 papers was examined to provide a thematic analysis 
that highlights the different applications of CDT and 
enabling technologies employed within each layer of a 
proposed conceptualized architecture.  

Table 1. Scopus search string 

(TITLE-ABS-KEY ("digital" OR "virtual" OR “cyber”) AND 
TITLE-ABS-KEY ("twin*" OR "replica*" OR “shadow” OR 
"counterpart*") AND TITLE-ABS-KEY ("construction site*" 
OR “building site” OR “infrastructure site” OR “*project site*” 
OR “construction phase*” OR “building phase” OR “construction 
stage” OR “building stage” OR “engineering projects” OR 
“engineering site*” OR “construction operation*” OR 
“construction task*” OR “construction activity*” OR “building 
operation*” OR “building task*” OR “building activity*” OR 
“building project*” OR “construction management*”)) 
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Table 2. Inclusion and exclusion criteria for the literature search 

Inclusion criteria Exclusion criteria 

‑ Journal Articles 
‑ Conference papers 
‑ Review papers 
‑ Final publication stage 
‑ Any publication date 
‑ English language 

documents 
‑ Literature covering the 

scope of this research 
(i.e., DT for construction 
phase applications). 

‑ Literature that covers DT 
for the whole construction 
industry and includes 
sections related to the 
construction phase or 
construction management. 

‑ Non-English language.  
‑ In press documents 
‑ Book chapters 
‑ Duplicate studies reported on 

research that had been 
previously published (e.g., a 
conference paper gets extended 
into a journal article or vice 
versa) 

‑ Studies that are irrelevant to 
DT concept  

‑ Research Studies from other 
industries (e.g., manufacturing, 
aerospace, oil & gas, naval, 
marine, aviation, urban/city 
planning, etc.) 

‑ Studies that are out of scope 
(e.g., DT implementations 
during other phases like the 
design, operational, or 
maintenance phases. 

Figure 1. Study selection process based on PRISMA. 

Taxonomy of CDT Applications 

Seven major CDT applications and 17 sub applications 
emerged from the conducted thematic analysis. This 
includes 1- Safety and Risk Management (SRM), 2- 
Progress Monitoring and Control (PMC), 3- Data 
Integration and Management (DIM), 4- Construction 
Robotics and Automation (CRA), 5- Supply Chain and 
Logistics (SCL), 6- Quality Control and Assurance 
(QCA), 7- Sustainability and Circular Construction 
(SCC). Figure 3 demonstrates the distribution of these 
major applications within the literature, providing insights 
into the level of research corresponding to each 
application. For instance, “Safety and Risk Management” 
emerged as the most investigated area of CDT application 
while “Sustainability and Circular Construction” attracted 

the least research attention, thus offering a promising area 
of CDT for future research. Table 3 summarizes the seven 
CDT applications, their sub-implementations, and the 
corresponding key technologies and processes. 

Figure 2. Distribution of the identified CDT applications 

across the reviewed studies (total number of 90). 

CDT Architecture and Enabling Technologies 

This section introduces a conceptualized architecture of 
CDT to better explore and categorize the different 
enabling technologies and processes integrated into a 
CDT to serve its intended application, (see Figure 3). The 
proposed architecture presents five distinct layers 
constructing a CDT: sensing, communication, storage, 
analytics, and visualization layer, their data interaction, 
and the feedback-decision making- loop mechanism. In 
this context, a “layer” denotes the logical combination of 
the hardware and/or software components sharing 
common functionality and purpose. Systematically, a 
“CDT architecture” is an enclosed combination of the 
required layers constructed to interact in a way that 
enables data collection, transmission, processing, and 
visualization to support informed decision making. 

Figure 3. The proposed conceptualized CDT architecture 

489



T
a

b
le

 3
. 
A

 s
u

m
m

a
ry

 o
f 

th
e 

id
en

ti
fi

ed
 t

h
em

a
ti

c 
a

p
p

li
ca

ti
o
n

s 
o

f 
C

D
T

 a
n

d
 t

h
ei

r 
co

rr
es

p
o

n
d

in
g

 t
ec

h
n

o
lo

g
ie

s 
a

n
d

 p
ro

ce
ss

es
 

A
pp

lic
at

io
n 

   
Su

b-
ap

pl
ic

at
io

n 
Im

pl
em

en
ta

tio
ns

 S
um

m
ar

y 
K

ey
 te

ch
no

lo
gi

es
 a

nd
 p

ro
ce

ss
es

 
R

ef
er

en
ce

 

SR
M

 

W
or

ke
rs

’ H
ea

lth
 a

nd
 

Sa
fe

ty
 M

an
ag

em
en

t 

Tr
ac

ki
ng

 w
or

ke
rs

’ 
lo

ca
tio

ns
 a

nd
 i

ss
ui

ng
 p

ro
ac

tiv
e 

w
ar

ni
ng

s 
fo

r 
tre

sp
as

sin
g 

ha
za

rd
ou

s z
on

es
; M

on
ito

rin
g 

W
or

ke
r’s

 p
hy

si
ca

l h
ea

lth
 an

d 
po

st
ur

e;
 a

nd
 In

te
ra

ct
iv

e 
si

te
 v

is
ua

liz
at

io
n 

fo
r s

af
et

y 
tra

in
in

g.
   

R
FI

D
, 

Lo
R

a,
 G

PS
, 

In
so

le
 p

re
ss

ur
e 

se
ns

or
s, 

Y
O

LO
v4

, 
D

ee
p 

SO
RT

, D
ee

p 
le

ar
ni

ng
, V

R
, M

R
 h

ea
ds

et
s 

(L
ee

 a
nd

 L
ee

, 2
02

3;
 O

st
i e

t a
l.,

 2
02

1;
 W

u 
et

 a
l.,

 2
02

2;
 Z

ha
ng

 e
t a

l.,
 2

02
3)

 

H
az

ar
ds

 Id
en

tif
ic

at
io

n 
an

d 
Pr

ev
en

tio
n 

Id
en

tif
y 

an
d 

pr
oa

ct
iv

el
y 

pr
ev

en
t 

sa
fe

ty
 t

hr
ea

ts
 i

n 
a 

jo
b 

si
te

 (
e.

g.
, 

tu
nn

el
lin

g,
 c

ra
ne

 o
pe

ra
tio

ns
, a

nd
 d

ril
lin

g 
ta

sk
s)

. 
Ph

ot
og

ra
m

m
et

ry
, k

in
em

at
ic

 s
en

so
rs

, s
pa

tia
l/o

rie
nt

at
io

n 
se

ns
or

s, 
B

IM
, R

FI
D

, D
N

N
, L

ST
M

, X
G

B
oo

st
, B

PN
N

, a
nd

 A
da

B
oo

st.
 

(J
ia

ng
, 

D
in

g,
 e

t 
al

., 
20

21
; 

K
am

ar
i 

an
d 

H
am

, 2
02

2;
 S

ha
ria

tfa
r e

t a
l.,

 2
02

2;
 Z

ha
o 

et
 

al
., 

20
22

) 

Eq
ui

pm
en

t H
ea

lth
 

M
on

ito
rin

g 
M

on
ito

rin
g 

th
e 

op
er

at
in

g 
st

at
us

 o
f 

co
ns

tru
ct

io
n 

eq
ui

pm
en

t, 
m

ai
nl

y 
to

w
er

 c
ra

ne
s, 

ag
ai

ns
t m

ec
ha

ni
ca

l a
nd

 st
ru

ct
ur

al
 fa

ilu
re

.  
M

ec
ha

ni
ca

l 
an

d 
m

ot
io

n 
se

ns
or

s, 
in

cl
in

at
io

n 
an

d 
lo

ad
 s

en
so

rs
, 

R
FI

D
, 

IM
U

, 
Fi

ni
te

 E
le

m
en

t 
an

al
ys

is
 (

FE
M

), 
M

ul
ti 

Fi
de

lit
y 

Su
rr

og
at

e 
m

od
el

, D
ee

p 
le

ar
ni

ng
, L

oR
a,

 V
is

ua
liz

at
io

n 
in

te
rf

ac
e 

(J
ia

ng
, D

in
g,

 e
t a

l.,
 2

02
2;

 L
ai

 e
t a

l.,
 2

02
2;

 
Li

 e
t a

l.,
 2

02
1;

 L
iu

, L
i, 

et
 a

l.,
 2

02
2)

 

H
um

an
-M

ac
hi

ne
ry

 
In

te
ra

ct
io

n 
En

ha
nc

in
g 

w
or

ke
rs

-m
ac

hi
ne

ry
 in

te
ra

ct
io

ns
 o

n 
si

te
 to

 p
re

ve
nt

 ac
ci

de
nt

s 
an

d 
fa

ta
lit

ie
s i

n 
lim

ite
d 

sp
ac

e.
 E

ar
th

w
or

k 
is

 th
e 

m
ai

n 
us

e 
ca

se
  

B
lu

et
oo

th
 

Lo
w

 
En

er
gy

 
(B

LE
), 

R
ea

l-t
im

e 
lo

ca
tio

n 
sy

st
em

 
(R

TL
S)

, B
ay

es
ia

n 
ne

tw
or

k,
 c

am
er

as
, Y

O
LO

v5
 

(A
ss

ad
za

de
h 

et
 a

l.,
 2

02
3;

 H
ua

ng
 e

t 
al

., 
20

21
; K

oj
im

a e
t a

l.,
 2

02
0;

 L
eo

na
rd

o 
et

 al
., 

20
20

) 

PM
C 

Pr
od

uc
tiv

ity
 E

st
im

at
io

n 
an

d 
Pr

ed
ic

tio
n 

Eq
ui

pm
en

t 
tra

ck
in

g 
fo

r 
es

tim
at

in
g 

an
d 

pr
ed

ic
tin

g 
pr

od
uc

tiv
ity

 a
nd

 
ut

ili
za

tio
n 

ra
te

s (
i.e

., 
m

ai
nl

y 
pl

an
t e

qu
ip

m
en

t).
 

IM
U

, G
PS

, 3
D

 A
cc

el
er

om
et

er
, k

in
em

at
ic

 se
ns

or
s, 

D
is

cr
et

e E
ve

nt
 

Si
m

ul
at

io
n,

 
A

N
N

, 
cl

ou
d 

co
m

pu
tin

g,
 

M
yS

Q
L 

da
ta

ba
se

, 
Su

pe
rv

is
ed

 le
ar

ni
ng

, d
as

hb
oa

rd
s, 

C
N

N
, R

N
N

, C
el

lu
la

r N
et

w
or

k 
 

(F
is

ch
er

 e
t a

l.,
 2

02
3;

 R
og

ag
e 

et
 a

l.,
 2

02
2;

 
Sa

le
m

 a
nd

 M
os

el
hi

, 2
02

1)
 

Pr
og

re
ss

 T
ra

ck
in

g 
an

d 
C

on
tro

l 
M

on
ito

rin
g 

an
d 

m
os

t i
m

po
rta

nt
ly

 v
is

ua
liz

in
g 

th
e 

pr
og

re
ss

 o
f c

er
ta

in
 

co
ns

tru
ct

io
n 

ac
tiv

iti
es

 (e
.g

., 
pr

ef
ab

ric
at

ed
 e

le
m

en
t i

ns
ta

lla
tio

n)
 

O
ns

ite
 c

am
er

as
, s

ou
nd

 s
en

so
rs

, G
PS

, R
FI

D
, 4

D
 B

IM
, Y

O
LO

v4
, 

D
N

N
, 

3D
 v

is
ua

liz
at

io
n 

m
od

el
, 

W
eb

-b
as

ed
 p

la
tfo

rm
, 

W
ire

le
ss

 
co

m
m

un
ic

at
io

n,
 C

lo
ud

-b
as

ed
 c

om
pu

tin
g 

an
d 

sto
ra

ge
   

(H
as

an
 a

nd
 S

ac
ks

, 
20

23
; 

H
ua

ng
 e

t 
al

., 
20

21
; S

ha
ria

tfa
r e

t a
l.,

 2
02

2)
 

A
s-

B
ui

lt 
vs

 A
s-

Pl
an

ne
d 

C
om

pa
ris

on
 

C
ap

tu
rin

g 
as

-b
ui

lt 
pr

og
re

ss
 (m

ai
nl

y 
po

in
t c

lo
ud

 d
at

a)
 a

nd
 c

om
pa

rin
g 

it 
w

ith
 a

s-
pl

an
ne

d 
da

ta
 (

m
ai

nl
y 

B
IM

 d
at

a)
 f

or
 d

et
ec

tin
g 

pr
og

re
ss

 
de

vi
at

io
ns

. 

La
se

r s
ca

nn
in

g,
 L

iD
A

R
, P

ho
to

gr
am

m
et

ry
, P

oi
nt

 cl
ou

ds
, 4

D
 B

IM
, 

R
ea

lit
y 

ca
pt

ur
e,

 O
bj

ec
t r

ec
og

ni
tio

n,
 S

em
an

tic
 se

gm
en

ta
tio

n.
 

(A
liz

ad
eh

sa
le

hi
 a

nd
 Y

itm
en

, 
20

23
; 

Pa
n 

an
d 

Zh
an

g,
 2

02
1;

 P
ou

r 
Ra

hi
m

ia
n 

et
 a

l.,
 

20
20

; R
au

sc
h 

an
d 

H
aa

s, 
20

21
) 

D
IM

 

B
lo

ck
ch

ai
n-

en
ab

le
d 

D
T 

In
te

gr
at

in
g 

D
T 

w
ith

 b
lo

ck
ch

ai
n 

to
 e

na
bl

e 
tra

ce
ab

le
, i

m
m

ut
ab

le
, a

nd
 

se
cu

re
 d

at
a 

sh
ar

in
g.

 
B

lo
ck

ch
ai

n,
 S

m
ar

t c
on

tra
ct

s, 
SH

A
-2

56
 a

lg
or

ith
m

, D
at

a 
qu

er
yi

ng
 

(J
ia

ng
, L

iu
, e

t a
l.,

 2
02

1;
 L

ee
 e

t a
l.,

 2
02

1;
 

Zh
ao

 e
t a

l.,
 2

02
3)

, 
D

at
a 

Sc
he

m
as

-e
na

bl
ed

 
D

T 
U

til
iz

in
g 

se
m

an
tic

 w
eb

 te
ch

no
lo

gi
es

 a
nd

 d
at

a 
sc

he
m

as
 to

 a
dd

re
ss

 th
e 

in
te

gr
at

io
n 

of
 h

et
er

og
en

ou
s c

on
str

uc
tio

n 
da

ta
.  

O
nt

ol
og

ie
s, 

N
eo

4j
 

gr
ap

hs
, 

Se
m

an
tic

 
w

eb
, 

IF
C

-s
ch

em
a,

 
SP

A
R

Q
L.

 
(A

yi
nl

a 
et

 a
l.,

 2
02

1;
 D

on
g 

et
 a

l.,
 2

02
1;

 
Sc

hl
en

ge
r e

t a
l.,

 2
02

2)
 

C
R

A
 

M
ac

hi
ne

ry
 R

em
ot

e 
C

on
tro

l 
In

te
gr

at
in

g 
in

te
ra

ct
iv

e 
an

d 
re

al
-ti

m
e 

re
al

ity
 c

ap
tu

rin
g 

fo
r 

re
m

ot
el

y 
co

nt
ro

lli
ng

 e
qu

ip
m

en
t, 

m
ai

nl
y 

pl
an

t e
qu

ip
m

en
t. 

V
R

, M
R

, L
iD

A
R

, C
am

er
as

, 4
G

/5
G

 n
et

w
or

ks
. W

eb
So

ck
et

, n
od

e-
re

d 
U

I. 

(H
as

an
 e

t a
l.,

 2
02

2;
 H

ei
kk

ilä
 e

t a
l.,

 2
02

2;
 

H
of

fm
an

n 
et

 a
l.,

 2
02

2;
 S

ch
ön

bö
ck

 e
t a

l.,
 

20
22

)  
R

ob
ot

ic
s T

as
ks

 
M

an
ag

em
en

t 
Pl

an
ni

ng
 an

d 
su

pe
rv

is
in

g 
ro

bo
tic

 ta
sk

s b
y 

co
nt

ro
lli

ng
 th

e r
ob

ot
’s

 jo
in

t 
an

gl
es

 a
nd

/o
r i

ts
 c

ar
te

si
an

 p
at

h 
us

in
g 

a 
si

m
ul

at
or

 p
la

tfo
rm

. 
V

R
, 

M
R

, 
G

az
eb

o 
si

m
ul

at
or

, 
M

Q
TT

, 
A

D
S 

pr
ot

oc
ol

, 
K

U
K

A 
K

R
12

0,
 IF

C
-b

as
ed

 sc
he

m
a,

 S
LA

M
, C

on
te

xt
-a

w
ar

en
es

s, 
Et

he
rn

et
 

(A
sa

di
 e

t 
al

., 
20

18
; 

D
in

g 
et

 a
l.,

 2
02

0;
 

Li
an

g 
et

 a
l.,

 2
02

2;
 W

an
g 

et
 a

l.,
 2

02
1)

 

SC
L 

M
at

er
ia

l L
og

is
tic

s 
In

te
gr

at
in

g 
an

d 
vi

su
al

iz
in

g 
lo

gi
st

ic
s 

da
ta

 
in

cl
ud

in
g 

m
at

er
ia

l 
in

ve
nt

or
y,

 in
co

m
in

g 
de

liv
er

ie
s, 

an
d 

m
at

er
ia

l c
on

su
m

pt
io

n 
ra

te
s. 

R
FI

D
, G

PS
, B

IM
 d

at
a,

 D
ee

p 
re

in
fo

rc
em

en
t l

ea
rn

in
g 

(D
R

L)
 

(D
er

ia
 e

t a
l.,

 2
02

2;
 G

eh
rin

g 
an

d 
Rü

pp
el

, 
20

23
; J

ia
ng

, L
i, 

et
 a

l.,
 2

02
2;

 L
ee

 a
nd

 L
ee

, 
20

21
) 

R
es

ou
rc

e A
llo

ca
tio

n 
M

an
ag

in
g 

an
d 

op
tim

iz
in

g 
th

e 
al

lo
ca

tio
n 

of
 c

on
st

ru
ct

io
n 

re
so

ur
ce

s 
R

FI
D

, 
D

R
L,

 
D

ijk
st

ra
 

al
go

rit
hm

, 
Q

ue
ui

ng
 

m
od

el
, 

G
en

et
ic

 
al

go
rit

hm
, 4

D
 B

IM
. 

(E
sm

ae
ili

 a
nd

 S
im

eo
ne

, 2
02

3;
 L

ee
 e

t a
l.,

 
20

22
; L

iu
, S

hi
, e

t a
l.,

 2
02

2)
 

Q
C

A
 

A
s-

B
ui

lt 
vs

 A
s-

D
es

ig
ne

d 
Ve

rif
ic

at
io

n 
En

su
rin

g 
th

e g
eo

m
et

ric
 q

ua
lit

y 
of

 as
-b

ui
lt 

pr
od

uc
ts

 b
y 

ve
rif

yi
ng

 th
em

 
w

ith
 a

s-
de

si
gn

ed
 m

od
el

s;
 c

om
m

on
 w

ith
 p

re
fa

br
ic

at
ed

 e
le

m
en

ts
. 

La
se

r 
sc

an
ni

ng
, 

Li
D

A
R

, 
ph

ot
og

ra
m

m
et

ry
, 

M
R

, A
R

, 
Sc

an
-v

s-
B

IM
, S

ca
n-

to
-B

IM
, C

N
N

. 
(R

au
sc

h 
an

d 
H

aa
s, 

20
21

; T
o 

et
 a

l.,
 2

02
1;

 
Tr

an
 e

t a
l.,

 2
02

1)
 

R
eg

ul
at

or
y 

St
an

da
rd

s 
C

om
pl

ia
nc

e 

C
he

ck
in

g 
th

e q
ua

lit
y 

of
 co

ns
tru

ct
io

n 
pr

od
uc

ts
 an

d 
pr

oc
es

se
s b

as
ed

 o
n 

th
ei

r 
co

m
pl

ia
nc

e 
w

ith
 r

el
ev

an
t 

re
gu

la
tio

ns
 a

nd
 s

ta
nd

ar
ds

 (
e.

g.
, 

co
nc

re
te

 m
at

ur
ity

 p
ro

pe
rti

es
 a

nd
 ro

ad
 c

om
pa

ct
io

n)
. 

Pi
ez

oe
le

ct
ric

 se
ns

or
, V

el
oc

ity
 se

ns
or

, B
IM

, T
he

rm
oc

ou
pl

e s
en

so
r, 

FE
M

.  
(H

an
 e

t 
al

., 
20

22
; 

K
os

se
 e

t 
al

., 
20

22
; 

Po
sa

da
 e

t a
l.,

 2
02

2)
  

SC
C

 

Em
bo

di
ed

 C
ar

bo
n 

M
on

ito
rin

g 
Es

tim
at

in
g 

an
d 

m
on

ito
rin

g 
th

e 
em

is
si

on
 o

f e
m

bo
di

ed
 c

ar
bo

n 
di

ox
id

e 
du

rin
g 

th
e 

co
ns

tru
ct

io
n 

pr
oc

es
s o

f a
 b

ui
lt 

as
se

t. 
 

Q
R

 c
od

e,
 U

W
B,

 I
FC

-b
as

ed
 d

at
a 

sc
he

m
a,

 R
FI

D
, 

A
cc

el
er

at
e 

se
ns

or
, B

IM
 m

od
el

, W
i-F

i 

(C
he

n 
et

 a
l.,

 2
02

1;
 M

ao
 e

t a
l.,

 2
01

8;
 S

he
n 

et
 a

l.,
 2

02
2)

 

C
irc

ul
ar

 C
on

st
ru

ct
io

n 
Fa

ci
lit

at
in

g 
th

e 
re

us
e 

an
d 

re
cy

cl
in

g 
of

 c
on

st
ru

ct
io

n 
m

at
er

ia
ls

 t
o 

re
du

ce
 w

as
te

 a
nd

 e
nh

an
ce

 th
e 

ef
fic

ie
nc

y 
of

 re
so

ur
ce

 u
til

iz
at

io
n 

 
G

PS
, G

IS
 d

at
a,

 M
on

te
 C

ar
lo

-b
as

ed
 si

m
ul

at
io

n 
(Z

üs
t e

t a
l.,

 2
02

1)
 

490



Sensing layer 

The sensing layer is the first and most fundamental layer 
within a DT architecture that employs one or more data-
sensing devices to serve as the nervous system responsible 
for gathering raw data from the physical environment in 
which they were deployed. While only devices that stream 
data in a timely manner should technically be considered 
part of the sensing layer, static data sources (e.g., BIM 
models, GIS, schedules, and regulations) are also included 
to provide a more comprehensive overview of all data 
sources available for supporting a DT system. The 
selection of data sources and sensing technologies 
significantly affects the accuracy, reliability, and 
acquisition speed of raw data, and consequently, the 
efficiency and overall performance of the DT system. 
Thus, understanding the data requirements that align with 
the DT's primary purpose is crucial. Figure 4a maps the 
different sensing technologies employed within the CDT 
systems reviewed from the literature to the identified 
applications. The size of each node represents how 
frequently a technology was used. RFID was the most 
common sensing technology for safety and risk 
management implementations. GPS was widely used for 
progress monitoring, robotics, and logistics due to its real-
time, precise location data for equipment, robots, and 
vehicles. IMUs followed GPS, mainly capturing motion 
data for progress monitoring and construction robotics. 

Communication layer 

The communication layer plays a key role in receiving the 
raw data acquired by the sensing layer and transmitting it 
to the CDT hub to be stored, processed, or visualized. 
Typically, the communication layer utilizes either a 
wireless network (e.g., Wi-Fi, Bluetooth, LoRa, 5G/4G 
cellular, etc.), a wired network (e.g., Ethernet, USB, and 
Fieldbus), or occasionally a hybrid of both. Figure 4b maps 
the identified applications to the different employed 
communication networks and protocols to give insights 
into their suitability and popularity. For example, Ethernet 
is featured in most studies related to controlling scale 
model robotics (Asadi et al., 2018; Liang et al., 2022). By 
employing the MQQTT protocol, Ethernet allows for bi-
directional communication between the physical robot and 
its digital model enabling smooth robotic control (Han et 

al., 2022; Liang et al., 2022). Short-range wireless 
technologies (i.e., Bluetooth and Wi-Fi) are commonly 
utilized in various applications due to their higher transfer 
rates. Bluetooth Low Energy (BLE), a more energy-
efficient choice compared to traditional Bluetooth, is also 
used in several studies as it is suitable for battery-powered 
devices and when long-period data collection with short-
range coverage is required. Within long-range wireless 
technologies, LoRa is found to be a popular option for 
safety and risk management applications, specifically with 
hoisting operations owing to its long-range coverage (~10 
km) and low-power requirement personnel (Zhang et al., 
2023). In general, selecting a communication network and 
protocols depends on several factors determined by the 
overall purpose of CDT including the required 
transmission rate, latency, range of coverage, security, and 
power consumption. 

Storage layer 

This layer provides a repository for hosting and managing 
the vast amount of data including the sensed raw data, data 
from other sources, and historical data. As shown in Figure 

4c, cloud-based storage emerged as the predominant 
choice for data storage within CDT on account of its 
capacity to accommodate extensive data volumes and 
streamline their retrieval over the Internet (Pan and Zhang, 
2021). Both SQL, relational databases, and NoSQL, non-
relational databases, have been adopted in various 
construction applications. The selection of either relies on 
the types of data, its structure, and volume. For 
unstructured and variant data in substantial volumes (e.g., 
visual data), NoSQL is best due to its dynamic schema with 
higher scalability and adaptability.  On the other hand, 
SQL is fit to manage well-defined data that has a structured 
schema (e.g., workers' information) as it gets arranged in 
structured tables with predefined relationships. 

Analytics layer 

This layer functions as the CDT brain in charge of 
processing, analyzing, and deriving insights from the 
collected data to support informed decision-making. 
Figure 4d maps the various data analytics techniques used 
for each CDT application.  These techniques can be 
streamed into three main categories: a) ML-based methods 
that employ deep neural networks and object recognition 
and tracking algorithms (e.g., CNN, RNN, YOLO, and 
Deep SORT). b) Numerical/Simulation-based methods 
(e.g., Finite element method, discrete event simulation, 
queuing theory, Dijkstra algorithm, and genetic algorithm) 
that are mostly common with applications requiring 
simulation and optimization (e.g., equipment health 
monitoring, hazards identification, resource allocation, and 
material logistics). c) Human interpretation which is 
mostly featured in quality inspection applications where 
defects get visually detected in as-built data (e.g., point 
clouds). Construction robotic applications also highlighted 
human supervision for planning and remotely controlling 
robotic tasks.  

Visualization layer 

This layer enables the visual representation of the 
processed data and insights in a dynamic and interactive 
environment. Different visualizations can be employed 
within the CDT architecture depending on the data type 
intended to be visualized. For example, 3D data (e.g., point 
clouds and BIM models) are commonly utilized to 
visualize progress data for quality control and progress 
monitoring purposes. 4D BIM models are also employed 
to identify and visualize hazardous activities and locations 
and create safety precautions. Extended reality (XR) 
technologies are employed in various CDT applications as 
they allow stakeholders to intuitively interact with 
visualized data in an easily accessible way. 
Several game engines and modelling software are featured 
within the literature to create 3D immersive environments. 
As presented in Figure 8, the “Unity engine” is the most 
used game engine for this purpose as it supports modeling 
and hosting DT entities, data integration from multiple 
sources, and running data analytics within its environment. 
Such features make it a favorable platform for visualizing 
DT data. Other game engines and modelling software are 
also highlighted, including Unreal Engine, and Blender 
platform. 3D visualization environments were not included 
in many applications (e.g., material logistics, embodied 
carbon estimations, and productivity measurements) as the 
type of data is mainly numerical and can be visualized 
using graphical representations within customized 
dashboards. 
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Discussion 

Evaluation of CDT applications 

Comparing the findings of this study with previous review 
studies highlights the significant progression of DT 
implementations during the construction phase of built 
projects as most prior implementations are mainly focused 
on the operational and maintenance stage. Additionally, 
most construction applications highlighted in prior review 
studies are mostly nD BIM applications (e.g., clash 
detections, cost estimation, scheduling, and 
communication) (Boje et al., 2020) or implementation of 
the integration of BIM with other technologies (e.g., XR, 
Simulation, AI). However, the thematic applications that 
emerged in this study are mainly DT-related 
implementations.  Some of these applications align with 
DT research clusters categorized by (Jiang, Ma, et al., 
2021) in early 2021including safety, quality, and progress 
management. These applications have been expanded 
since then and new ones have emerged including 
construction robotics, logistics, and sustainability. 
Promising CDT research areas are recommended that are 
related to applications such as “circular construction”, 
“embodied carbon estimations”, “full-scale robotics”, and 
“graph-based DT”. New construction applications are 
anticipated to emerge, contributing to the increasing 
adoption of DT in both academia and industry.  

What is CDT? 

This section provides a discussion on the key attributes of 
a CDT system including the data acquisition mechanism, 
the feedback-decision making-loop dynamics, and the role 
of 3D modeling and BIM within CDT systems. Ultimately, 
synthesizing these discussions to propose a definition 
capturing the essence of CDT. 

Data streaming mechanism 
Almost all reviewed studies integrated at least one form of 
data sensing mechanism to provide DT with a dynamic 
stream of data without which a system cannot be 
considered as DT. Nonetheless, the level of automation, 
frequency, and latency parameters of data acquisition can 
all vary across different DTs based on several factors 
including the main purpose of the DT, the type of data that 
needs to be collected, and the rate at which is being 
updated. Several studies labelled their data-collecting 
mechanism as “real-time” or “near-real-time” without 
numerically defining these abilities in terms of latency and 
frequency. Only a few studies provided statistical 
information about these parameters to accurately reflect 
the capability of their data acquisition system (Deria et al., 
2022; Liang et al., 2022; Posada et al., 2022). Although in 
many articles especially within the manufacturing 
industry, being able to provide real-time data with high 
frequency and low latency is a requirement for a system to 
be a DT, in many construction applications that might not 
be achievable or even valuable. For example, in some 
applications, it was adequate to collect data, mostly visual, 
at a frequency of once a day (Hasan and Sacks, 2023; Pour 
Rahimian et al., 2020; Zhao et al., 2022). Yet, in other 
applications where data gets updated more dynamically, a 
higher frequency is essential. For instance, for tracking the 
angle movement of a robotic arm, a frequency of up to 250 
Hz might be required to synchronize with the rapid rate of 
update of the moving arm (Liang et al., 2022).  

In general, acquiring vast amounts of construction data 
with high frequency might not be needed and comes with 
high costs and significant environmental impact associated 
with collecting, transmitting, storing, and processing this 
data. Therefore, when designing a DT, these attributes 
should be optimized to create a balance of being efficient 
and meeting its overall purpose requirements. Similarly, 
the degree of autonomy in data acquisition varies widely, 
with some cases featuring semi-automated approaches, 
particularly in laser scanning and photogrammetry where 
human intervention is required for capturing and 
processing the visual data. In contrast, many studies 
employ fully automated sensing sources, like positioning 
sensors capable of transmitting data without any human 
involvement.  

This is to emphasize that the spectrum of data acquisition 
capabilities for DTs is broad, and achieving a fully 
automated data stream within specific latency and 
frequency parameters is not always a must-met criterion 
for classifying a system as a DT. 

Feedback loop—decision making—dynamics 
The majority of the DT research in digitally advanced 
fields (e.g., manufacturing) emphasizes automated bi-
directional communication between the physical entity and 
its digital counterpart (Ladj et al., 2021). In manufacturing, 
its typically well-designed and controlled environments 
(e.g., an assembly line) enable the establishment of an 
automated feedback loop. However, with dynamic, 
variant, and unpredictable construction operations, 
establishing an automated feedback channel from the DT 
to the site can be challenging. Instead, the feedback in 
some construction applications often involves visualized 
insights presented to stakeholders for decision-making, 
highlighting a human-oriented feedback channel, (see 
Figure 3). For instance, within progress monitoring 
applications, site stakeholders are presented with 
performance metrics, which they then align with baseline 
targets to inform their decision-making. 

Almost all construction robotics and automation 
applications feature fully automated feedback channels 
where control instructions are given back to a prototype 
machinery or a robot to conduct a desired task based on the 
acquired data. Nonetheless, most of these studies used 
scaled machinery or robotic assembly to validate their 
systems, raising concerns about their scalability and real-
world construction site applicability. Automated feedback 
was also employed in some safety applications in the form 
of proactive visual or audible warnings automatically 
triggered when a potential hazard is detected (Jiang, Ding, 
et al., 2022; Zhang et al., 2023).

BIM-CDT relationship 

The relationship between DT and BIM has been a subject 
of debate among researchers, with some viewing DT as an 
extension of BIM with the incorporation of new 
technologies (e.g., IoT, AI, and simulation), while others 
perceive them as two distinct concepts with significant 
differences in their characteristics and applications. In 
many applications where objects’ non-geometric 
information (e.g., attributes and relationships to other 
objects) are the main data of interest rather than the 
geometric information, BIM may not always be necessary 
for DT functionality and simple 3D models with low Level 
of Detail (LoD) would be enough for visual representation. 
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Examples of such applications are workers’ health 
monitoring where workers’ information and status are of 
interest or in material logistics where material quantities or 
locations are tracked. Nevertheless, in several applications, 
BIM models were still integrated into CDT layers, serving 
different purposes as follows: a) within the sensing layer 
as a source of static data (e.g., schedule, quantities, 
semantic and geometric data); b) within a storage layer as 
a unified storage model that integrates and stores various 
relevant data; c) provides a 3D visualization and 
interactive environment, possibly integrated with 
dashboards, within the visualization layer. 

A proposed CDT definition 

Several definitions of DT exist within the construction 
industry, often borrowed from advanced sectors like 
aerospace and manufacturing, where the term originated 
and developed. These definitions typically include terms 
like virtual replica, 3D model, digital counterpart, realistic 
model, and real-time representation of physical. However, 
a critical question arises: Is DT primarily about high LOD 
modeling and replicating physical objects, or is it 
fundamentally about data management and informed 
decision-making? Particularly in construction 
implementations, the focus is more on data capturing and 
analysis that enables informed decision making rather than 
3D replication or modeling. Then, there is a need for a 
definition that emphasizes the data management aspect of 
DT in construction. Drawing insights from the extensive 
literature review and the conceptualized DT architecture in 
Figure 3, this study proposes the following definition: 

Construction Digital Twin (CDT) is a system 

responsible for collecting and processing 

construction dynamic data about a physical entity 

within the intended application's temporal 

demand, translating this data into actionable 

knowledge to enable informed decision making. 

“Dynamic data” refers to data that is continuously 
changing and collected through automated sensing 
mechanism. It is important to note that CDT can also 
combine static data from BIM models or historical records 
to supplement the dynamic data when needed. A “physical 

entity” can be a tangible object (e.g., a structure, 
equipment, or person) or a physical process (e.g., material 
delivery or element installation). “Temporal demand” 
acknowledges the varied data latency and frequency 
requirements across different DT construction 
applications, as discussed earlier. Consequently, terms like 
"real-time" and "near real-time" are avoided to highlight 
the variability in data capturing and processing rates and 
the lack of precise numerical definitions for these terms. 
Informed decision-making can be either fully automated or 
human-assisted, as illustrated in Figure 3. 

Literature gaps and recommendations for future research 

• Many of the reviewed studies relied on a single sensing
source for data acquisition mainly to avoid the challenges of
integrating data streaming from multiple sources with
different formats. Still, it is frequently stated that depending
on a single source for onsite data falls short of providing
accurate and comprehensive insights into scalable operations
(Hasan and Sacks, 2023; Hoffmann et al., 2022; Pan and
Zhang, 2021; Salem and Moselhi, 2021). Only by merging
data from multiple sources, a better understanding of
construction operations and better-informed decision-

making is obtained. Hence, it is recommended to aim at 
integrating heterogeneous data across multiple domains, 
leveraging sensor fusion to bridge this gap.  Moreover, 
publishing well-defined data schemas for construction 
applications can facilitate representing complex information 
and potentially contribute to developing industry standards. 

• Another gap is the absence of standardisation in DT
design and deployment including the configuration and
specifications of key parameters including data acquisition
frequency and latency, analytics accuracy, and its degree of
autonomy. Most studies loosely labelled their DTs as “real-
time” or “near-real-time” systems without numerically
defining those parameters and linking their defined attributes
to the DT's main purpose.

• Besides, many studies showcased a limited scope by
carrying out a single data collection trial, failing to illustrate
how the data and analyzed metrics are regularly updated in a
timely manner. This raises questions about the usability,
scalability, and versatility of their DT systems. Standardizing
DT implementation is key for facilitating its adoption in the
industry as it ensures consistency and compatibility.

• Several studies relied on human interpretations for
analysing the collected data. This is especially the case with
most of the quality inspection and progress tracking
applications. Even when automated data analytics are
integrated, they are limited to presenting descriptive
analytics (“What has happened? As-is analysis”). Only a few
studies employed predictive analytics (Lee and Lee, 2021; Li
et al., 2021). It is recommended for future research to gear
towards enabling CDT to provide predictive (“What will
happen? -To-be analysis”) and prescriptive analytics (“What
should be done? -What-if analysis”) by integrating advanced
AI and simulation techniques. Doing so will unlock the
complete potential of CDT as a proactive decision-support
system.

Conclusion 

This study serves as a valuable resource for researchers and 
practitioners in the construction industry by presenting a 
structured taxonomy of CDT applications and their 
interaction with different technologies through systematic 
review and thematic analysis. Seven main thematic 
applications of CDT are identified and discussed. 
Additionally, a conceptualized architecture of CDT, 
comprising five distinct layers, is proposed to aid in 
exploring and analyzing enabling technologies and 
processes, and mapping them to the identified applications. 
The paper also explores and discusses the characteristics that 
define the essence of CDT and proposes a definition 
emphasizing its focus on data management and decision-
making. These findings not only consolidate existing 
knowledge in the CDT domain but also provide a foundation 
for guiding future research and development in this field. 
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Abstract
Proactive maintenance of roads enables increased asset
lifespan with improved safety and minimised downtime.
However, the absence of up-to-date structured information
leads to expensive reactive maintenance. Geometric dig-
ital twins (GDT) provide digital replicas of object geom-
etry, but no automatic tools exist to maintain them. This
paper develops a method for detecting and applying ge-
ometric changes to road GDTs. Our solution performs a
distance-based comparison of point clouds, estimates the
changes and then applies them to GDT. It achieves a 77.87
F1-score in detecting changes and significantly saves time
by automating the process, making such digital twins vi-
able and practically applicable.

Introduction
The average travel delay in the United Kingdom has in-
creased by 40% over the past three years due to roadwork
disruptions, causing decreased journey time reliability and
slower highway speeds (National Highways, 2023). These
delays are not just inconvenient but also economically im-
pactful, potentially leading to a £0.50 loss in Gross Value
Added per hour per person in Britain (Confederation of
British Industry, 2017). Efficient transportation infrastruc-
ture, crucial for economic productivity, requires up-to-date
information on road assets, with road geometry playing a
vital role in traffic safety and operational efficiency (De-
sign Manual for Roads and Bridges, 2020). Road geomet-
ric digital twins (GDT) enable such monitoring of road
conditions and infrastructure health, offering near real-
time data integration and detailed replicas of road systems
(Steyn and Broekman, 2022). The life-cycle of GDTs in-
cludes construction from point clouds and optionally im-
ages and ongoing maintenance to reflect changes in the
road infrastructure (Drobnyi et al., 2023; Osadcha et al.,
2023). This paper focuses on automating the stage of GDT
maintenance, which is a substantial part of the GDT life-
cycle.
The main challenge in integrating GDTs is their high cost
ofmaintenance that outweighs potential benefits, introduc-
ing a significant barrier to their widespread adoption. This
research aims to reduce these costs, eliminating the man-
ual work involved. Specifically, maintaining kilometres of
roads requires manual effort in identifying changes and
modelling various changed road assets (Davletshina and
Brilakis, 2023). Although current research has automated
parts of this process, it falls short in scope, often failing
to cover a wide range of objects and identifying specific

changes that happened to the assets. Additionally, there
is a need for a comprehensive and automatic end-to-end
pipeline for change detection, followed by applying these
changes to GDT.

This paper aims to facilitate efficient, proactive mainte-
nance by providing a tool to update a geometric digital
twin automatically, thus delivering a fresh version of GDT
quickly and cheaply. We achieve this by first comparing
point clouds for changes, identifying the types of changes
and applying them in GDT in a streamlined, fully auto-
matic pipeline. Exemplar input and outputs can be seen
in Figure 1. The solution covers all the object classes that
are already present in GDT. Thus, the solution is flexible
and not hard-coded to the specific entities. Furthermore,
we consider the wide range of change types in the scope
of our work: a) the same object is there, but it underwent
pose (rotation and translation) changes; b) the same object
is there, but it underwent shape deformations; and c) the
object is removed or added. As a result, we detect most of
these changes and achieve 77% F1 score.

The organisation of this paper is as follows. The next
section discusses the background literature on maintain-
ing GDTs. Then, section Proposed Solution introduces the
proposed automatic digital twin maintenance method. Re-
search Methodology, followed by the Results and Discus-
sion section, can be found further. The conclusions of the
study are presented in the last section.

(a) GDT (old).

(b) GDT (new).
Figure 1: Examples of the old-version GDT and updated GDT
achieved by our proposed solution. Pose transformations and
removals are detected in the road furniture and applied in the

new version.
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Background
The evolution of Digital Twins (DTs) presents a complex
challenge, particularly in their efficient updating, which
remains unresolved. Schrotter and Hürzeler (2020) high-
lighted the difficulty in updating urban DTs, highlighting
the vast volume of 3D data as a significant obstacle to pro-
cess. Nevertheless, ongoing research within the built en-
vironment sector is actively investigating various methods
to effectively maintain and manage digital twins and 3D
models of infrastructure assets.
Updating GDTs of built assets starts with collecting ap-
propriate data on the physical counterpart. Osadcha et al.
(2023) found that photogrammetry and laser scanning are
the primary means for data collection and capturing 3D in-
formation. While photogrammetric methods are cheaper,
they produce less accurate depth data due to lighting and
shadow artefacts (Stal et al., 2013). Mobile laser scan-
ning could serve as a compromise between various meth-
ods from images to static scanning, allowing faster opera-
tion while driving but producing sparser point clouds than
static counterparts (Soilán et al., 2019). Collected data
then requires further processing.
A critical step in maintaining GDTs is effectively detecting
changes in the data collected at different timestamps. Stilla
and Xu (2023) explored this, identifying several types of
changes in urban objects using 3D point clouds. They dis-
tinguished the following possible change types: appeared,
disappeared, partially and fully moved, deformed and un-
changed, highlighting that the most common types were
the first two, while partial movement was used when de-
tailed changes were required upon use case. Their work
estimates point-based, segment- or object-based spatial
differences after having point clouds registered. While
point-based methods rely on accurate distance measure-
ments, segment- and object-based methods depend on the
accuracy of the classification provided. Recent works use
deep learning solutions to provide semantic labels and dis-
cover further opportunities to match changes with machine
learning.
In this realm, Zhu et al. (2023) introduced a method for
multi-object relocalization and reconstruction in the seg-
mented into instances 3D point clouds. They could match,
register and reconstruct the objects of the input scenes us-
ing a deep learning approach, namely an encoder-decoder
network. Although solving three tasks simultaneously,
they envision the challenge of large-scale spatiotemporal
changes yet to be addressed.
Developing dynamic Building Information Models
(BIMs) from 3D point clouds is another key research
direction in this field. Rausch and Haas (2021) developed
a dynamic BIM by updating BIM elements’ shape and
pose from 3D point clouds, utilising optimisation of
geometric object parameters. Despite achieving below-
centimetre accuracy, their method’s reliance on generic
shapes limits its effectiveness with free-form objects.
Alternatively, Ghahremani et al. (2018) used 3D point
clouds for structural condition monitoring, comparing

different-timestamp point clouds to detect deterioration.
They identified changed areas by discrepancies between
as-built and as-is point clouds, using meshing to update
the model. Shellshear et al. (2015) adopted a simpler
approach for 3D model maintenance, employing repeated
scans from fixed viewpoints and markers to automatically
update regions in the target model with point clouds.
While effective for built assets, these methods highlight
the need for focused approaches in maintaining GDTs for
roads.

Knowledge Gaps, Research Objectives and Questions
Maintaining GDTs for roads involves two primary phases:
detecting changes and applying these changes. However,
a fully automated system for this task is yet to be real-
ized. Also, current methods do not encompass most road
assets, such as the frequent objects identified in the work
of Davletshina and Brilakis (2023), highlighting a signif-
icant gap. While researchers have primarily focused on
automating aspects such as identifying temporal changes,
further development is still needed. Although advance-
ments in built asset management provide insights, there
remains a critical need for domain-specific adaptation and
refinement of these solutions to cater specifically to road
infrastructure.
This context sets the stage for our objective: to propose
and develop a fully automatedmethod formaintaining road
GDTs. We outline the following key research questions
in addressing our objective: 1) What approaches are most
effective for detecting changes in road environments? 2)
What strategies should be employed to efficiently apply de-
tected changes to GDTs? 3) Is it possible to devise a ver-
satile method adaptable to various road environments and
infrastructures? Addressing these questions will be pivotal
in advancing the field and ensuring the accuracy and rele-
vance of road GDTs in a dynamic and evolving landscape.

Proposed Solution
Our approach to detecting and analysing temporal changes
in geometric data employs a dual-layer methodology, as il-
lustrated in Figure 2. This is necessitated by the require-
ment to initially discern the nature of any changes (Change
Detection Layer), followed by appropriately addressing the
identified changes (Change Application Layer). Initially,
the method involves a comparative analysis of point cloud
data, representing different states of a physical environ-
ment captured at distinct times. As the two point clouds
will not contain the same point set, we take advantage
of comparative distances to estimate high discrepancies.
The framework commences with the older Geometric Dig-
ital Twin (GDT) version, incorporating the original point
cloud and the newly acquired point cloud for subsequent
change detection and processing.
The procedure begins with a thorough analysis of the in-
put point clouds to identify changes by computing dis-
tances between points. The algorithm targets areas ex-
hibiting significant alterations, i.e., large distances, indica-
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tive of substantial environmental changes. Thus, we filter
these points using a distance threshold, which is a hyper-
parameter to be tuned. Upon pinpointing these areas, we
anticipate that most changes, unless due to extensive road
reconstruction, will be isolated to individual objects, as
road infrastructures typically undergo minimal alterations.
As a result, we have these isolated change points, i.e., fil-
tered with the threshold and as a result isolated in space
point clusters featuring high distance values such as in Fig-
ures 3d and 3e. Then, we apply the DBSCAN clustering
algorithm (Ester et al., 1996) on these points – known for
its effectiveness with noisy data and not requiring pre-set
cluster numbers – which facilitates the segregation and ex-
traction of clusters (e.g., denoted by different colours in
Figures 3d and 3e) and their associated objects as identi-
fied in the current GDT, enabling a more focused exami-
nation.

Subsequently, the nature of the detected changes guides the
ensuing steps. For each cluster, the algorithm first finds
the closest correspondences between the two versions and
ascertains whether the change is an addition, a removal,
or a transformation of an existing object. Additions and
removals are identified similarly, as they can be seen as
the same operation but in opposite sequences. We con-
sider that addition or removal happened if the closest cor-
responding cluster was already linked to another cluster
with a smaller distance. Otherwise, we consider that there
was a pose change.

Objects identified as removed are excised from the dataset
while new additions are integrated. In cases where existing
objects have undergone modifications, the Iterative Clos-
est Point (ICP) algorithm (Zhang, 1994) is deployed on the
found cluster correspondences (i.e., correspondence pairs)
to compute the transformation, encompassing both rota-
tional and translational adjustments between them. This
process begins with estimating the initial transformation
for a global match, then minimising the distance between
two shapes to locate the closest points. This phase is piv-
otal in deciphering how the object has shifted or evolved
over time. Depending on the nature of the change, the al-
gorithm either applies a transformation to align the old and
new states of objects with pose changes if any pose changes
were found or otherwise updates the GDT to mirror the
new geometry of deformed objects by replacing the ob-
ject. As a result, an automatic command is sent to perform
these described changes to the GDT.

Consequently, our solution presents a systematic and flex-
ible framework for temporal analysis of point cloud data
concerning roads, resulting in an up-to-date GDT reflect-
ing reality. This fully automated and scalable solution can
be applied over extensive road lengths, significantly en-
hancing our comprehension and monitoring of environ-
mental alterations across various applications, from asset
maintenance to safety analysis.

Figure 2: Solution overview.

Research Methodology
We use the Digital Roads (Digital Roads of the Future,
2023) point cloud dataset, which contains 11 labelled
classes. We limit the data to the A11 road subset, which
comprises 20 road segments, each 200 meters long. As
the study conducted in this paper requires time-series data
with changes, we synthetically generate the changed ver-
sion of the point clouds (the new state) from the existing
dataset (the old state) due to the unavailability of a real-
life data. We introduce specific perturbations to the data
for sufficient differences between data to simulate real-life
scanning. For that, we add random noise to the coordinates
of both versions of the data (the old and new states). The
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noise is normally distributed around mean 0 with a stan-
dard deviation of 0.01. Furthermore, we randomly down-
sample both versions such that 20% of the points are re-
moved. We simulate the changes to the road infrastruc-
ture, namely road barriers, traffic signs and lamps, such
as fallen assets, leaning assets, missing assets and moved
assets in the new version of the point cloud. We consider
removals of the existing objects and additions of the new
objects in the case of the missing objects. These scenarios
are seen to be equivalent as one object is missing in one of
the versions of scanning.
Our assumptions are as follows. Firstly, we assume that
the GDT is semantically labelled and has its original point
cloud stored as meta information. If that is not the case,
then a synthetic point cloud is expected to be created from
the GDT’s 3D model. Secondly, we assume that point
clouds are registered with each other; data registration is
out of the scope of this work. Lastly, we assume that new
scanning is performed before new furniture is installed to
avoid confusion between removed and newly added assets’
pairs.
We use the threshold-based method to identify high-
change regions, with the threshold hyperparameter
equalling the 0.99 quantiles. Further, we use the DBSCAN
clustering algorithm (Ester et al., 1996) to cluster these
high-change regions with the following hyperparameters:
epsilon equal to 3 and minimum points per cluster equal to
10.
We provide the metrics of precision (Formula 1) showing
how many changes were correctly classified, recall (For-
mula 2) giving the number of correctly predicted items
among all correct items and their harmonic mean as F1
score (Formula 3). In the formulas, TP refers to true pos-
itives, denoting the number of data points classified cor-
rectly as positives, FP – false positives, denoting the num-
ber of data points classified incorrectly as positives; FN
– false negatives, denoting the number of positive points
predicted as negatives. We calculate precision and recall
values for each sample and report averaged final metrics.

Precision =
T P

T P+FP
(1)

Recall =
T P

T P+FN
(2)

F1 =
2∗Precision∗Recall

Precision+Recall
(3)

Results & Discussion
Figure 3 demonstrates the solution’s inputs, intermediate
and final outputs. Our method can find the changed re-
gions, such as in Figure 3c, where the two input point
clouds (Figures 3a and 3b) are aligned. These divergent re-
gions are clustered, as in Figures 3d and 3e, and matched,
as well as their transformations are estimated (Figure 3f).
As a result, our solution finds pose changes with 90.97%
precision and 68% recall (Table 1). The method misses

(a) Input point cloud (old). (b) Input point cloud (new).

(c) Aligned input point clouds coloured in red and green.

(d) Change clusters in (a). (e) Change clusters in (b).

(f) Actions visualised. R+T stands for the estimated rotation
and translation matrices.

(g) GDT (old). (h) GDT (new).
Figure 3: Examples the inputs, intermediate and final outputs of

the method.

Table 1: Change detection evaluation, in %

Precision Recall F1 score

90.97 68.07 77.87

out on a few samples where the changes are minimal, such
as small translation and rotation angles. Further, vege-
tation represents a challenge, introducing additional high
discrepancies. Thus, vegetation should be considered for
filtering out beforehand using vegetation detection solu-
tions. Additionally, the intermediate found change clus-
ters (e.g., Figures 3d and 3e) come with a certain amount
of noise either within clusters or outside of them, which
might be considered as a potential scene alteration. As
this confuses the method, noise removal at this stage must
be included in future work.
Furthermore, the algorithm faces challenges in accurately
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matching changed clusters when they are significantly dis-
tant from each other, particularly in situations where mul-
tiple similar changes occur concurrently within the same
scene. Handling such intricate change scenarios effec-
tively requiresmore advanced algorithms for objectmatch-
ing. Incorporating prior knowledge could be crucial in
these contexts, aiding in differentiating between scenarios
where objects have been moved as opposed to those where
objects were removed and replaced with similar ones.

Conclusions
In summary, this work presents a method for maintaining
up-to-date geometric digital twins of roads in a fully auto-
matic manner. This method is distinguished by its flexibil-
ity and adaptability, which is capable of handling a wide
range of objects based on the semantic labels provided in
the input GDTs. Our approach goes beyond mere change
detection in point clouds; it integrates these changes di-
rectly into the GDTs, thereby forming a seamless, end-to-
end pipeline that extends from initial scanning to the fi-
nal GDT for road infrastructures. This development paves
the way for the broader implementation of geometric dig-
ital twins in the transportation sector, offering significant
benefits from the design phase to asset management. This
is achieved with reduced costs, courtesy of the automa-
tion process. Enhancing the productivity of the sector will
yield positive outcomes for road users, including improved
connectivity, fewer road closures, and reduced emissions,
ultimately leading to a more efficient and environmentally
friendly transportation experience. Looking forward, we
propose that future research should concentrate on collect-
ing comprehensive datasets that capture real-life temporal
changes, tackle the challenges presented by complex and
large-scale transformation scenarios, and harness the po-
tential of deep learning for enhanced accuracy in change
detection.
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Abstract 

Energy efficient projects are usually based on data to take 
better-informed decisions. High-quality data is necessary 
to reduce the uncertainty, which is a challenge to solve 
data gaps and/or outliers, thus limiting the trustworthiness 
in the decision-making. High-quality data is essential for 
assessing energy usage, identifying improvement 
measures and implementing effective solutions. This 
paper presents a data quality methodology, based on 
seven dimensions and validated in ten pilots across 
Europe. The maturity levels in the monitoring stage are 
crucial. Completeness, accuracy and consistency values 
vary between 40%-99%. It indicates the need for creating 
correction procedures and increasing the data quality. 

Introduction 

The increasing adoption of leading-edge Information and 
Communication Technologies (ICTs), such as Internet of 
Things (IoT), Artificial Intelligence (AI), Distributed 
Ledger Technology (DLT), Blockchain or Big Data (BD), 
as well as the wider extension of Building Automation 
and Control Networks (BACN) existence (mainly in 
tertiary buildings), has motivated the generation of big 
amounts of data in the building domain.  
Even though over the past two decades, there has been an 
increasing focus on the digitalization of building data, and 
more and more data are being generated by the building 
stock, data quality remains a challenge (Duvier et al., 
2008). There are data gaps, errors and inconsistencies in 
registrations that still need to be addressed. In 
contemporary construction and building projects, data 
plays a pivotal role in decision-making processes, project 
management, and overall success. However, the quality of 
data used in these endeavours often falls short of desired 
standards, posing significant challenges throughout 
project lifecycles. Poor data quality in building projects 
presents multifaceted obstacles, ranging from increased 
costs and delays to compromised safety and functionality. 
Additionally, nowadays data-driven approaches are being 
followed, but here the main challenge is related to the 
reliability of the results due to data issues (e.g. 
communication or infrastructure problems) (Yong et al., 
2021). One of the major challenges is to be able to process 
and analyse the data traceability to detect the errors 
(Hossein et al., 2020). The big amounts of data being 
generated make this analysis more and more complex. In 
terms of data governance, there is no consensus about the 
meaning of this term (Ender, 2021). However, different 
types of data should be considered when determining the 
ownership, which is even more complex when non-human 
data is included. These data are produced and treated in 

silos, without correlation between pillars (Abraham et al., 
2019), which will promote better exploitation potential.  
Poor data quality can also hinder effective stakeholder 
communication and collaboration, exacerbating 
misunderstandings and conflicts among project 
participants. In the absence of reliable and up-to-date 
information, decision-makers may resort to subjective 
judgments or outdated assumptions, further compounding 
project risks and uncertainties. 
All these challenges are contributing to move forward 
towards the creation of a high-quality data-driven Smart 
Buildings Landscape. Data concerns almost every aspect 
of the built environment: from how individuals and 
businesses use and interact with properties, to how the 
building’s energy consumption and construction details 
are recorded and analysed to support informed decisions 
about construction and real estate processes. Data-
informed decision-making and digital upgrading can help 
upyield operational efficiencies at low cost. 
A proper validation and detection of gaps, wrong and/or 
inaccurate data in the whole value chain of the building 
monitoring is a crucial step towards transparency and trust 
of the involved actors during the decision-making process 
to achieve the objectives of the Energy Performance of 
Buildings Directive (EPBD, 2023) of ensuring low usage 
of energy, low rate of carbon footprint, maximizing 
thermal comfort or assessing air quality.  
According to the BDVA (Big-Data Value Association), 
the data quality concept is too absolute and misleading 
(BDVA/DAIRO, 2021). Within this paper, the high-
quality data concept is based on the following aspects, 
establishing performance metrics as BDVA also suggests: 
Reliability & Credibility: a data quality methodology is 
defined, deployed and applied, based on ML algorithms 
to learn about historical data, for reducing and correcting 
data errors not only in the data gathering process, but also 
in the propagation. This methodology takes care of:  
(1) Data gaps, in terms of missed data to detect non-

completeness and creating interpolation methods
when possible, to generate continuous data streams
for dynamic timeseries. As well, for static and
contextual data, completeness in terms of missing
data to be completed with other sources (e.g. digital
logbook missing data and cadastre information);

(2) Outliers that are produced by values that differ from
the expected measurements, thus, reducing the
uncertainties of data analytics.

(3) Consistency and accuracy by removing duplicates,
aligning multi-source measurements (e.g. date/time
in timeseries data from various sources) and cleaning
ambiguous values.
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(4) Model check, which is focused on static data (i.e.
BIM-Building Information Modelling). Errors in the
building modelling are usual and propagated to the
tools for the building life-cycle management. These
mistakes should be prior detected and solved
whenever possible.

Interoperability: Better-informed decisions mean using 
combined data from heterogeneous sources (e.g. sensors, 
energy performance certificates databases, digital 
logbooks, BIM, CityGML, Level(s), etc.), but the lack of 
interoperability is an issue to merge these datasets. To 
solve this, dynamic and adaptative interoperability will be 
ensured by using standard Data Models (such as NSGI-
LD, SAREF, BRICK or IFC, among others) to 
accommodate data into the requirements of the use cases 
or services to be deployed. 
Privacy & Security: Last but not least, quality also 
involves privacy (personal data management) and 
security. DLT and blockchain framework can be applied 
here, where privacy and security are the main benefits. 
Addressing the challenges stemming from poor data 
quality in building projects is paramount for the 
sustainable advancement of the construction industry. By 
assuring these aspects, buildings’ stakeholders can rely on 
the data analytics and data-driven services thanks to high-
quality data stocks. Additionally, the creation and use of 
data-driven business models will be built on top of high-
quality data, providing more accurate and trustworthy 
value (e.g. ESCO-Energy Services COmpany models 
where energy prices are based on performance calculation 
and energy savings could be calculated using wrong data). 
Real-world cases abound where the repercussions of 
inadequate data quality have been acutely felt, leading to 
suboptimal project outcomes. For instance, consider the 
scenario of a large-scale infrastructure development 
project where inaccurate site survey data resulted in 
improper foundation designs, ultimately leading to 
structural instability and substantial rework costs. 
Similarly, in the realm of building information modelling 
(BIM), incomplete or inconsistent data inputs have led to 
coordination errors, clashes between different trades, and 
inefficiencies in construction sequencing. Another 
example could be obtained from ESCO services, whose 
main challenge is the data collection from smart meters. 
Data gaps are usually appearing, leading to more complex 
billing procedures due to missing data, as well as the 
limitations in the energy savings calculation. 
In summary, this paper presents how the previous 
challenges are overcome by deploying a data quality 
methodology that covers the data life-cycle of the 
building, delving into the complexities surrounding data 
quality issues. It will not be only focused on the data 
gathering at field level, but it will cover the different 
stages of the building and data lifecycle to reduce the error 
propagation. This methodology will be supported by a 
federated Data Lake (Hernández et al., 2023a) (deployed 
within a data platform) to collect cross-domain data, being 

able to benefit the data management and governance 
processes. Finally, the data platform will provide 
additional services, which will facilitate the management 
of data ownership, and together with blockchain, will 
allow traceability, privacy and security of data stocks. 
The rest of the paper is structured as follows. The 
following section presents the literature review in terms 
of data quality (including real-case scenarios). Next, the 
data quality methodology is explained, to be later applied 
in 10 pilots composed by one or several buildings. Results 
of the data quality assessment are collected into the “Data 
quality analysis results” section, where statistics for the 7 
data quality dimensions are presented per pilot. A 
“Discussion” sections follows, to highlight the 
dependency of the buildings’ data quality values to the age 
of the building and monitoring maturity and stage. 
Finally, the main remarks of the paper are presented in the 
“Conclusions” section. 

Literature review 

The literature provides various definitions and dimensions 
of data quality in the context of smart buildings. While 
traditional data quality dimensions such as accuracy, 
completeness, consistency, and timeliness remain 
relevant, the dynamic nature of IoT-generated data 
introduces new challenges and considerations. The 
importance of additional dimensions such as 
interoperability, security, privacy, and relevance in 
assessing data quality in smart buildings is emphasized 
(Rao, 2023). Ensuring data compatibility and integration 
across heterogeneous systems while safeguarding privacy 
and security concerns emerges as critical areas of focus. 
Despite the potential benefits, smart building 
deployments encounter numerous challenges related to 
data quality. These include issues such as data silos 
(Hernández et al., 2023b), interoperability gaps between 
devices and systems (Coujard, 2023), sensor inaccuracies, 
data integration complexities, and cybersecurity 
vulnerabilities. The literature highlights organizational 
barriers such as lack of data governance frameworks 
(Kaginalkar, 2023), limited expertise in data 
management, and resistance to change as significant 
impediments to achieving and maintaining high data 
quality standards in smart building initiatives. 
Diagnosis of data quality is therefore a main challenge. 
Some authors have analysed the uncertainty in the 
calibration of the measurements (Morewood, 2023). It is 
reported that, in 43 out of 63 real-cases, overall accuracy 
is achieved, while precision is reduced up to four. 
Calibration is shown in 18, whereas measurement out-of-
range is only reached in 23. Another real-case scenario is 
performed in the cites of Nantes, Hamburg and Helsinki 
(Hernández et al., 2022). The main conclusion is the real 
need for methods to increase data quality to foster better-
informed decisions. The authors demonstrated the low 
quality of various data-sets in terms of completeness and 
out-of-range, highlighting the importance of proper 
commissioning mechanisms. 
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Complementary to these previous studies, the 
contribution of this work extends the data quality analysis 
to additional real-case sites across Europe to understand 
the real data-quality scenarios. Moreover, while previous 
researches limited the dimensions of the data quality, this 
manuscript increases the dimensions, covering accuracy, 
completeness, reliability, consistency, relevance, 
accessibility and timeliness. This work has been carried 
out within the EU HORIZON DigiBUILD project, whose 
main aim is to transform traditional silo approaches by 
making use of high-quality data and next generation 
digital building services for assuring trust and 
transparency, and better-informed decision-making 
processes. It counts on ten pilots across Europe where the 
technologies are tested. 

Data quality methodology 

Within DigiBUILD project, a multi-dimension strategy is 
approached in terms of data quality. Table 1 summarizes 
the list of dimensions that are part of the data quality 
analysis. From the 7 dimensions, accuracy, completeness 
and consistency are considered the pivotal ones.  

Table 1: Data quality multi-dimension approach 

Data quality 
dimension 

DigiBUILD approach 

Accuracy Out of “expected” range detection 

Completeness Gap detection and interpolation 

Reliability Accuracy x completeness 

Consistency Detection of “normal” data patterns & 
Proof of Existence (PoE) 

Relevance Data filtering processes 

Accessibility Open APIs and protocols 

Timeliness Pre-analytics 

Accuracy determines the percentage of data samples 
compliant with the “expected” ranges. It should be 
clarified the “expected” range differs from the 
measurement range. For instance, an indoor temperature 
sensor can obtain data within values from 0ºC to 50ºC 
(depending on the manufacturer). However, temperature 
are expected to be around 15-30ºC (depending on the 
building use, insulation level and other features). The 
accuracy dimension treats the detection of data samples, 
which, even correct, are out of this range to avoid its usage 
in the application of services (i.e., classified as outliers). 
Within DigiBUILD, the procedure calculates the data 
samples within the range specified by the building expert, 
manager and/or operator to extract the ratio with respect 
to the total number of samples. 
Completeness goal is to determine the data gaps that are 
in a dataset. Normally, data samples are periodically 
collected according a sampling frequency. Therefore, the 
total samples to be gathered in a time span are known. 

Thus, the missing data can be calculated by the ratio 
between the available data samples and the theoretical 
ones to be saved. 
Reliability focuses on the feasibility of data to carry out 
analysis, develop high-level services or provide high-
quality data to third parties. This dimension correlates the 
completeness and accuracy to provide an overall mark. 
Consistency looks for the data patterns within data. For 
that end, normal distribution is considered, where 
measurements are scattered between the mean and ± 
standard deviation.  
Relevance dimension is helpful to determine the datasets 
that are really useful from the end-user’s perspective 
(services). Data normally include data-points without any 
usability in the implementation of the services; therefore, 
the percentage of relevant data is the main purpose. 
Accessibility provides the ability to access, gather and 
share data. Here, the use of open protocols and APIs 
(Application Programming Interfaces) fosters the 
accessibility to the datasets. Nevertheless, this is not 
always possible, limiting the access to some datasets. 
Thus, this dimension checks the ability to access the 
relevant data from the building. 
Timeliness is related to up-to-date data or the delay to 
gather the information that is required for making 
informed decisions. It is expressed in time units in order 
to establish the maximum delay when data is made 
available. 

Table 2: Data quality outcomes within DigiBUILD 

Data quality dimension DigiBUILD outcome 

Accuracy > 85%

Completeness > 90%

Reliability No duplicates (clean data) 

Consistency Increase 10% 

Relevance 90% of useful datasets 

Accessibility 90% of data accessible 

Timeliness Specific per pilot 

With regard to the results to be obtained in DigiBUILD, 
Table 2 shows the outcome that should be achieved by the 
detection and the correction techniques to be applied. In 
this sense, the accuracy and completeness dimensions 
should reach 85% and 90% respectively to provide a clean 
dataset without duplicates (reliability). Moreover, the case 
of consistency aims to improve the quality of the datasets 
being used in a 10%, making relevant the 90% of the 
collected dataset with an accessibility of 90%. Finally, 
timeliness depends on the specifications of the pilots 
when data is polled / pushed. 
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Data quality check approach 

Two procedures are approached for data quality 
assurance. On the one hand, the checker in charge of the 
analysis of the quality of datasets; on the other hand, the 
methodology for the correction of data (such as 
interpolation or other techniques for data cleansing). 
However, this paper is focused on the status of the data 
quality across Europe; therefore, the correction part is out 
of the scope. It will consist of a machine-learning 
approach to learn from historical data. Then, when a gap 
or an inconsistent data measurement is obtained, the 
corrector module will populate data according to the data-
driven model. 
Focusing on the checker, Figure 1 depicts the schema how 
it is approached within DigiBUILD. It works on two 
possibilities. The first one makes use of downloaded data 
from the pilots, for instance, csv files, Excel sheets, JSON 
documents, etc. This raw data is ingested by a data loading 
module that accommodates the multiple formats and 
adapts them in order to be transformed (filtering process) 
into a common data model. The goal is to provide a 
“standard” representation of data (following a python 
DataFrame). Complementary, a configuration file is used 
where the user provides the parameters and specific 
aspects related to data. 
The second way is the use of data collection technologies, 
as for the case of Pentaho (Hitachi, 2023), python or Java 
scripts. In this case, the tools for data interfacing already 
provide the data loading and filtering processes. Hence, 
they are directly connected to the statistics module. 
The statistics module is a common component working in 
the two paths. It basically calculates the indicators for the 
data quality in the multiple dimensions explained before. 
It accepts a DataFrame in order to make it interoperable, 
replicable and scalable; therefore, being able to calculate 
the data quality indicators independently of the source.  

Data quality analysis results 

As introduced, this paper presents the baseline results in 
terms of data quality for a set of buildings (pilots) across 
Europe. As extracted in Table 3, ten pilots from different 
European countries that are part of the EU DigiBUILD 

project, with different typologies and available datasets 
are analysed. Next sections describe the results for each 
one of these pilots in the various dimensions that are 
accounted in DigiBUILD. 
Table 3: Pilot buildings within the EU DigiBUILD project for 

the data analysis 

Pilot Type Datasets 

UCL (UK) University Energy, photovoltaics, indoor 
air quality, occupancy, windows 

contact 
EDF (France) Offices Indoor air quality, energy 

(heating, electricity and plugs) 
IASI 

(Romania) 
Various 

types 
Indoor air quality, energy 
(heating and electricity) 

VEOLIA 
(Spain) 

Residential Energy (district heating) 

EMOT (Italy) Offices Energy, photovoltaics, charging 
station, electric vehicle, indoor 

air quality 
FOCCHI 

(Italy) 
Factory Energy, photovoltaics, indoor 

air quality 
HERON 
(Greece) 

Various 
types 

Energy, charging station, 
electrical vehicle 

FVH 
(Finland) 

Various 
types 

Energy (district heating & heat 
pumps), photovoltaics 

IEECP (The 
Netherlands) 

Schools Energy, indoor air quality, 
occupancy 

NTUA 
(Greece) 

University Energy, indoor air quality, 
HVAC info 

Accuracy 

Starting with the accuracy dimension, The results show a 
dispersion of values, from 42.04% to 99%.  In some cases, 
as for instance the UCL pilot, out- of-value ranges are due 
to changing needs of the heating/cooling systems. Other 
cases, malfunctioning of any sensor causes measurements 
out of range. 
Table 4 summarizes the percentages obtained from a 
historical dataset sample of the aforementioned available 
datasets in the pilot building. For that end, minimum and 
maximum values for each data-point are obtained in order 
to reduce the range in 10%, being an acceptable value, 

Figure 1: Data quality detection and check approach 
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such as stated by (Villada et al., 2008) and (Seyedzadeh 
et al., 2020). Then, values out of these range (known as 
expected) are considered anomalous. 
The results show a dispersion of values, from 42.04% to 
99%.  In some cases, as for instance the UCL pilot, out- 
of-value ranges are due to changing needs of the 
heating/cooling systems. Other cases, malfunctioning of 
any sensor causes measurements out of range. 

Table 4: Accuracy results of the data analysis 

Pilot Accuracy 

UCL (UK) 70% 

EDF (France) 44.43% 

IASI (Romania) n.a.

VEOLIA (Spain) 85% 

EMOT (Italy) 56.18% 

FOCCHI (Italy) 69.92% 

HERON (Greece) 42.04% 

FVH (Finland) 99% 

IEECP (The Netherlands) 86.90% 

NTUA (Greece) 55.69% 

Completeness 

Completeness aims the detection of data gaps in the 
timeseries. There are many cases where communication 
errors, malfunctioning of sensors or processing errors, 
among others, provoke data logging problems. Table 5 
highlights the results of the analysis per pilot.  
The results are diverse, remarking the case of EMOT, 
which is offering very low values (approximately 62% of 
data samples are missing). It should be considered the 
case of VEOLIA, with very high values, although this is 
not the reality. The reason behind lies in interpolation 
from the heat meter in a form of linear regression. The 
appearance is very complete data-set, but, with accurate 
populated values (e.g., boilers not working, but linear 
interpolation indicating energy consumption). 

Figure 2: Monitoring stages 

It is notable the maturity levels in the data collection. 
Pilots such as EDF or FVH with multiple years of data 
collection offers higher values with a very stable data 
gathering procedure. Less mature pilots are still in early 
stages where optimal operation is still not reached, as 
depicted in the monitoring stages in Figure 2 (Hernández 
et al., 2022). 

Table 5: Completeness results of the data analysis 

Pilot Completeness 

UCL (UK) 70% 

EDF (France) 99.82% 

IASI (Romania) n.a.

VEOLIA (Spain) 99% 

EMOT (Italy) 38.39% 

FOCCHI (Italy) ~100% 

HERON (Greece) 67.31% 

FVH (Finland) 75.24% 

IEECP (The Netherlands) 98.78% 

NTUA (Greece) 99% 

Reliability 

The case of reliability focuses on the error-free data, 
without inconsistencies (accurate and complete). Then, its 
value is represented by the correlation between the 
completeness and accuracy, considering unique values 
from completeness (i.e., no data duplicates). Table 6 
provides the results, where it is worth mentioning the case 
of EDF, in contrast to the completeness, lots of duplicates 
are removed, decreasing the reliability value. 

Table 6: Reliability results of the data analysis 

Pilot Reliability 

UCL (UK) 50% 

EDF (France) 44.35 

IASI (Romania) n.a.

VEOLIA (Spain) 85% 

EMOT (Italy) 21.57% 

FOCCHI (Italy) 62.92% 

HERON (Greece) 28.29% 

FVH (Finland) 74.49% 

IEECP (The Netherlands) 85.84% 

NTUA (Greece) 55.63% 

Consistency 

Consistency relates to uniformity of data in terms of data 
behaviour. Considering data distribution follows a 
“normal” curve around the mean value, it is considered 
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that data is consistent when a data-point complies with 
mean ± standard deviation. Table 7 illustrates the values 
for consistency. It should be taken the unexpected 
behaviour of the systems into account, such as the heating 
system. An example could be understood with COVID-19 
situation, where energy demand increased, being a non-
usual operation. Therefore, producing a deviation with 
respect to the “normal” distribution. 

Table 7: Consistency results of the data analysis 

Pilot Consistency 

UCL (UK) 70% 

EDF (France) 34.11% 

IASI (Romania) n.a.

VEOLIA (Spain) 79% 

EMOT (Italy) 32.97% 

FOCCHI (Italy) 71.83% 

HERON (Greece) 88.60% 

FVH (Finland) ~99% 

IEECP (The Netherlands) 82.14% 

NTUA (Greece) 86.53% 

Consistency is also addressed by a Smart Contract in 
charge of the notarization of data. A Proof of Existence 
(PoE) algorithm is developed, based on blockchain, to 
calculate the hash on the data provider side, as well as on 
the data storage side (see Figure 3). By comparing the 
hashes, the consistency in both sides can be obtained (i.e., 
detection of communication errors or data manipulation). 

Figure 3: Proof of Existence concept 
Figure 4 depicts the process, which has been applied 
within VEOLIA case. From the real data read, a data-set 
is filtered and loaded as a DataFrame, whose hash is 
calculated to be sent to the blockchain as a transaction 
and, thus, certify data. In the verification step, the received 
data is hashed and compared to the original hash (see 
Figure 4). The result of the transaction is shown below, 
where the output from the blockchain is generated, 

indicating the hash of the transaction and the block that 
has been generated. 

AttributeDict({'args': AttributeDict({'': AttributeDict({'description': 'data from VEOLIA', 
'provider': '0xb8f356ab125212CCd7017D8766B0463B531bA137', 'timestamp': 
1700053800})}), 'event': 'Notarized', 'logIndex': 0, 'transactionIndex': 0, 'transactionHash': 
HexBytes('0x0310cf7829b8a11414ce1306acf6fe0dd8acd3908a13a9b2ce825bab40436c11'), 
'address': '0x8a442905884c6a62938a77600aAeC7c9a073AAD7', 'blockHash': 
HexBytes('0x8548aabb4683617de8c49551b9f3a49ed36c94780a6baeea1f2d10cc9cd6717e'), 
'blockNumber': 3641}) 

Figure 4: Consistency check from Smart Contract 

Relevance 

The relevance dimension focuses on the end-user and the 
usability of data. Nowadays, monitoring systems and 
digitalization have exponentially grown, obtaining bigger 
amounts of data without real usability in services or 
decision-making. That is why relevance plays an 
important role in DigiBUILD, determining the real usable 
datasets to provide high-level services. Table 8 specifies 
the percentage of datasets that are relevant for the 
DigiBUILD services and, thus, useful in this context.  

Table 8: Relevance results of the data analysis 

Pilot Relevance 

UCL (UK) 35.54% 

EDF (France) 28% 

IASI (Romania) 37.5% 

VEOLIA (Spain) 55.73% 

EMOT (Italy) 100% 

FOCCHI (Italy) 55.73% 

HERON (Greece) 100% 

FVH (Finland) 30% 

IEECP (The Netherlands) n.a.

NTUA (Greece) n.a.

Accessibility 

Data, even with quality enough and relevant, sometimes 
is not accessible due to proprietary protocols. 
Accessibility determines the ability of remotely capture 
data and make it available for services and decision-
making procedures. In this sense, Table 9 compiles the 
percentage of datasets that are accessible from pilot 
buildings. In some cases, although interfaces for access 
are being configured, these are not fully available; 
therefore, limiting the accessibility to data. 
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Table 9: Accessibility results of the data analysis 

Pilot Accessibility 

UCL (UK) 50% 

EDF (France) 50% 

IASI (Romania) n.a.

VEOLIA (Spain) 100% 

EMOT (Italy) 80% 

FOCCHI (Italy) 50% 

HERON (Greece) 80% 

FVH (Finland) 80% 

IEECP (The Netherlands) 70% 

NTUA (Greece) 80% 

Timeliness 

Last dimension in DigiBUILD is timeliness, responsible 
for setting the time when data is made available, which 
relates to the “real-time” operation. Some samples are 
obtained in 5 min periodicity, while others are in 15 
minutes or even 1 hour, as specified in Table 10. Here, the 
event-driven data collection (in other words, change of 
value) is not considered, although it exists. 

Discussion 

Data quality is crucial to make decisions, such as 
improvement in the energy management of buildings, 
retrofitting investments or air quality enhancement. This 
is not always covered and decisions are made based on 
low quality data. Within DigiBUILD a methodology to 
check datasets quality, incorporating the improvement, is 
proposed. At this first stage, the initial data analysis has 
been performed to determine the baseline. 
What is clearly remarkable is the maturity level and the 
age of the building. According to Figure 2, depending on 
the monitoring stage, optimal operation in the data 
collection can be achieved, as the cases of VEOLIA, 
IEECP or FVH pilots, with very high level of maturity; 
therefore, high-quality of data. Others, such as IASI pilot 
is still in the interventions stage, without providing data 
(0% in the indicators), as depicted in Figure 5. The age of 
the building is also important. New buildings, such as the 
UCL pilot with only 1 year old, contain smarter 
technology with capabilities of data storage and access.  
To sum up, it is undoubtedly data quality is a pivotal 
aspect in the decision-making process and this aspect 
should be carefully treated. As observed in Figure 5, there 
exists a diversity of maturity levels with a clear room for 
improvement. The graph is only showing a subset of 
dimensions (the most relevant ones). Availability and 

accessibility of data must be ensured. Data processing for 
data filtering and cleansing is a very important task that 
would improve the current data quality. 

Table 10: Timeliness results of the data analysis 

Pilot Timeliness 

UCL (UK) 5/15 min 

EDF (France) 5/10 min 

IASI (Romania) n.a.

VEOLIA (Spain) 15 min 

EMOT (Italy) 3 min 

FOCCHI (Italy) 1 hour 

HERON (Greece) 30 sec 

FVH (Finland) 10 min 

IEECP (The Netherlands) 30 min 

NTUA (Greece) 5 min 

Figure 5: Data quality indicators per pilot building 

Conclusions 

This paper has described a data analysis carried out under 
the umbrella of the European DigiBUILD project to 
determine the baseline in terms of data quality for 
decision-making. From historical data samples in 9 
different countries across Europe, 7 dimensions have been 
considered within the data analysis. The results provide 
an overview of the real maturity levels within the 
digitalization and data collection of the building stock. 
Different levels of maturity could be observed, from pilots 
that already are in the optimal operation stage; then, 
obtaining high-values for the different data quality 
dimensions to other in very early stages, decreasing the 
trustworthiness on data. This deals with two issues. First 
of all, making decisions based on low-quality data; hence, 
increasing the uncertainty. Secondly, decision-makers are 
reluctant when addressing an energy efficiency project. In 
this sense, data quality checks are crucial. 
A data analysis has been performed to check the data 
quality levels of multiple datasets. Due to the capability 
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for improvement of the quality, the methodology is 
extended with correction techniques. At the current state 
of the project, they have not been fully implemented and 
it is the future work. The aim is to increase data quality 
and reach the outcomes that were previously explained.  
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Abstract 

Lightweight bridges are subjected to moving loads 
(vehicular traffic), with vehicular masses typically being 
comparable to structural masses. Moving loads are thus 
regarded as “traveling masses”, resulting in complex 
dynamic behavior, which is hardly covered by 
conventional damage detection strategies. This paper 
presents a concept towards damage detection in 
lightweight bridges with traveling masses using machine 
learning (ML). Specifically, a ML model for classifying 
structural damage is trained, using simulations, and 
applied using real-world structural response data. 
Preliminary tests of the proposed concept validate the 
power of the ML model in identifying structural damage, 
despite the non-stationarity of the problem. 

Introduction 

Research on advancing material technologies to develop 
high-strength materials has been conducted since the 
second half of the 20th century (Flaga, 2000). The 
construction industry has been increasingly leveraging 
high-strength materials in an attempt to meet structural 
design requirements while reducing material usage 
(Zhang et al., 2019). Furthermore, in bridge design and 
construction, practitioners frequently seek to reduce the 
size of structural elements, which, apart from the obvious 
financial benefit, also helps meet practical and aesthetical 
requirements.  
High-strength materials, however, frequently result in 
lightweight flexible structures, which are prone to heavy 
oscillations. A notable example is the case of the 
Millennium Bridge in London, which exhibited large 
oscillations, due to the large crowds drawn during 
opening in 2000 (Dallard et al., 2001). Consequently, 
material reduction in bridges requires care to avoid 
unanticipated oscillations. Moreover, placing the 
discussion on bridge oscillations under operational 
conditions, bridges are expected to withstand oscillations 
induced by operational loads, such as vehicular traffic.  
At a first glance, the problem of vehicles traversing bridge 
decks may be described as a “moving load” problem, the 
dynamics of which differ from conventional structural 
dynamics, in that the structural response is affected by the 
velocity of the vehicles (Firus, 2023). In lightweight 
bridges, however, vehicular masses may be comparable to 
structural masses (particularly in railway bridges) and are 
regarded as “traveling masses”, resulting in a complex 
non-stationary problem. With respect to damage 
detection, which is the focal point of structural 
maintenance, conventional damage detection strategies 

hardly address the traveling-mass problem. Experimental 
techniques as well as structural health monitoring (SHM) 
strategies typically rely on data analysis methods suitable 
for stationary problems, e.g. identifying the frequency 
content of structural response data using the Fourier 
transform (Dragos et al., 2024). Studies on moving loads 
on beams also fail to capture the damage-detection 
traveling-mass problem in its totality. 
Approaches describing the dynamic response of beam 
structures under traveling masses have been widespread 
in literature. Examples range from as far back as the late 
1990s, with the work of Siddiqui et al. (1998) who 
investigated the motion of a cantilever Euler-Bernoulli 
beam under the effect of a moving mass-spring system, to 
recent works, such as the approach reported by Meher et 
al. (2019), who have used Green’s function to describe the 
response of a beam traversed by a traveling mass. 
Furthermore, the vibration control of beams, considering 
vehicle-bridge interaction, has been investigated by Pi & 
Ouyang (2016), and the critical speed of a traveling mass, 
affecting the behavior of the coupled mass-beam system, 
has been the focus of work by Dehestani et al. (2009). A 
recent work, reported by Abu-Alshaikh et al. (2020), has 
focused on obtaining analytical responses of a 
functionally graded beam with a traveling mass using 
Caputo-Fabrizio fractional derivative models.  
Nevertheless, damage detection on beams with traveling 
masses has received scarce attention. An early approach 
has been proposed by Billelo & Bergman (2004), basing 
damage detection on comparing the displacement 
histories obtained from an intact bridge model before and 
after inducing damage. In recent work, Cicirello (2019) 
has studied the response bounds of Euler-Bernoulli beams 
with structural damage from a theoretical standpoint. 
Moreover, Zhan et al. (2021), have used wavelet 
transform coefficients of experimentally derived modal 
parameters for indirect damage detection. Despite the 
solid background offered by the aforementioned 
approaches, damage detection relies on either 
displacement measurements, which, although frequently 
used in experimental techniques, are uncommon in state-
of-the-art SHM systems employed for structural 
maintenance, or on the accuracy of experimentally 
derived modal parameters, which is hardly guaranteed in 
non-stationary problems. As a result, damage detection on 
beams with traveling masses stands to benefit from an 
approach compatible with measurements typically 
collected in modern SHM systems (e.g. acceleration 
response data) and with state-of-the-art computational 
tools. 
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The non-stationarity of the traveling-mass problem calls 
for advanced data analysis methods, drawing from the 
field of artificial intelligence and its subset machine 
learning (ML), which has been employed in civil 
engineering applications, such as in fault diagnosis of 
SHM systems (Al-Zuriqat et al., 2023). In this direction, 
this paper presents a concept for damage detection on 
lightweight bridges with traveling masses, using a ML 
model for classifying acceleration response data into 
structural damage scenarios. The reasoning behind using 
ML is that damage patterns manifested in acceleration 
response data may be either too subtle to discern or 
obscured in frequency-domain representations of the data, 
due to the non-stationarity of the problem. The ML 
classification model, used in this study, is a convolutional 
neural network (CNN), which is trained with “labeled” 
acceleration response data, i.e. data corresponding to 
predefined structural condition scenarios, obtained from 
simulations using a well-calibrated analytical model. 
Upon completing training, classification is performed 
using real-world acceleration response data. The proposed 
concept is validated in preliminary laboratory tests, 
showcasing the capability of the CNN in identifying 
structural damage, as represented by partial loss of fixity 
at one support of a steel beam. The remainder of the paper 
includes a presentation of the concept, followed by the 
validation tests. The paper ends with a summary and 
conclusions and an outlook on future research.  

Damage detection in lightweight bridges 

with traveling masses 

The cornerstone of the proposed concept is the coupling 
between analytical modeling and simulation with ML. It 
is therefore clear that creating a well-calibrated analytical 
model for producing the acceleration response data for 
training the CNN is particularly important. As such, the 
description of the concept in this section starts with a brief 
discussion on the analytical modeling and simulation 
method employed for producing acceleration response 
data, followed by a presentation of the CNN training, 
including the preprocessing of the acceleration response 
data and the functionality of the CNN. 

Analytical modeling of the traveling-mass problem 

In its simplest form, a lightweight bridge with a traveling 
mass can be modeled as a continuous Euler-Bernoulli 
beam, as shown in Figure 1. The equation of motion of the 
beam accounts for inertia forces both of the vibrating 
beam and of the travelling mass (Dadoulis & Manolis, 
2023): 

( ) ( ) ( ) ( ), , , cρAw x t cw x t EIw x t f δ x v t+ + = − . (1) 

In Equation (1), ρ is the material density, A is the cross-
section area of the beam, E is the modulus of elasticity, I 
is the moment of inertia of the beam in the vertical 
direction, c is the damping coefficient, w is the vertical 
displacement of the neutral axis of the beam, δ is the Dirac 

delta, x represents the spatial coordinate in the 
longitudinal direction of the beam, and t is time. The 
functional fc > 0 represents the contact force between the 
traveling mass and the beam, and |v| is the speed of the 
traveling mass. Finally, ẇ = ∂w/∂t, ẅ = ∂2w/∂t2, and 
wʹʹʹʹ = ∂4w/∂x4. 

Figure 1: Bernoulli-Euler beam with traveling mass. 

From Equation (1), it is evident that the factor that 
differentiates the traveling-mass problem from a regular 
Euler-Bernoulli-beam equation of motion is the contact 
force fc. To estimate fc, the equilibrium at the contact point 
of the traveling mass with the beam is considered. First, 
the static equilibrium is expressed as the total vertical 
displacement wT, which is a summation of the vertical 
displacement of the beam and a component representing 
the surface roughness r(x) = r(|v|t): 

( ) ( ) ( ), ,Tw v t t w v t t r v t= + . (2) 

Furthermore, the dynamic equilibrium is provided by the 
following expression: 

( ),T cmw v t t mg f= − , (3) 

where g is the gravitational acceleration. By solving 
Equations (2) and (3) with respect to fc and by substituting 
fc into Equation (1), the equation of motion is converted 
into: 

( )
2 2

2 2

d w d r
ρAw cw EIw m g δ x v t

dt dt

 
+ + = − − − 

 
. (4) 

In Equation (4), the time and spatial coordinate of w have 
been dropped for simplicity. It is noted that the right-hand 
side of Equation (4) includes total derivatives, which are 
expanded as follows: 

2 2 2 2
2

2 2 22d w w w w
v v

x tdt t x

  
= + +

  
, (5) 

( ) 22 2 2
2

2 2 2

d r x r dx r
v

dtdt x x

  
= = 
  

. (6) 

In Equation (5), the second term corresponds to the 
Coriolis acceleration, and the third term is the centrifugal 
acceleration, which is irrelevant to the problem being 
studied and is therefore neglected. Using Equations (5) 
and (6), Equation (4) becomes: 

v(t)
m

fc

x

E, I, ρ

z
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( )22

.

ρAw cw EIw m g w vw v r δ u

u x vt

   + + = − − − 

= −

(7) 

Equation (7) is solved via modal analysis, for which the 
vertical displacement is analyzed into a spatial component 
and a temporal component: 

( ) ( ) ( ), , 1, 2,...,n nw x t φ x q t n p= = , (8) 

where φn(x) is nth “eigenfunction”, representing the mode 
of vibration in the form of a wave function, and qn(t) is the 
nth “generalized” coordinate function, which 
characterizes the temporal variation of the vibration. From 
Equation (8), it is clear that the complexity of the solution 
depends on the number of eigenfunctions (p) considered. 
For regular structures in structural dynamics, it is 
common to consider only a few eigenfunctions, which are 
capable of capturing the structural dynamic behavior. The 
nth eigenfunction is given by: 

( )
πsinn n

n x
φ x C

L

 
=  

 
, (9) 

where L is the beam length, and Cn is a constant related to 
the boundary conditions of the beam. Eigenfunctions 
follow the orthogonality condition: 

( ) ( )
0

L

i j ijρA φ x φ x dx δ= , (10) 

where δij is the Kronecker delta. As a result, by 
substituting Equation (8) into Equation (7) for p 
eigenfunctions arranged in vector format w = φ(x)q(t), 
(φ(x) = [φ1(x),φ2(x),…,φp(x)], q(t) = [q1(t),q2(t),…,qp(t)]T), 
pre-multiplying with φ(x)T, integrating over L, and 
exploiting the Dirac delta property: 

( ) ( ) ( )
0

L

φ x δ x vt dx φ vt− = , (11) 

proven in Dadoulis & Manolis (2022), the equation of 
motion is recast into a p×p system of differential 
equations of the following format: 

( ) ( ) ( )

( )( )

2 2

2

( ) ( ) ( ) ( )

( )
( ) (2 ) 2

( ) ( )

( ) .

T

T

n n

T

n

t t t t t t t

t m

t diag ξ ω mv

t diag ω mv

t mg mv r x t

+ + =

= +

= +

= +

= −

M q C q K q F

M I φφ

C φφ

K φφ

F φ φ

(12) 

In Equation (12), ξn is the critical damping ratio of the nth 
eigenfunction, and ωn is the respective natural frequency, 
computed as follows: 

2 2

2

π .
2n n

n

c n EI
ξ ω

ρALω ρAL
= = (13) 

For producing the structural response to the traveling-
mass problem, the generalized coordinate functions q(t) 
need to be computed. To this end, Equation (12), which 
represents a set of ordinary differential equations of 
second order, is converted into a set of first-order ordinary 
differential equations, using the state-space formulation: 

( ) ( ) ( ) ( ) ( )1 1( )t t t t t t− − = − + y A B y A h . (14) 

The notations in Equation (14) are explained as follows: 

( )
( )

( ) ( )
( )

( )

( )

( )

( )
( )

( )

,

( ) , .

t t
t t

t t t

t
t t

tt

  − 
= =   
   

   
= =   

  

0 M M 0
A B

M C 0 K

0q
y h

Fq

 (15) 

Assuming discrete time, Equation (14) is solved for every 
time instance k by performing eigenvalue analysis to 
matrix (-Ak)-1Bk, which is non-symmetric and yields a 
matrix of complex eigenvalues Λk and eigenvectors 
matrix Ψ. The eigenvalues matrix is given by: 

,

,
, ,

2
, , , , , ,

0
( ), ,

0

1 , .

n k

n k

λ

k n k n k λ

n k n k n k n k n k n k n

e
diag

e

λ ξ ω iω ξ ξ ξ

 
= =  

  

=  − 

Λ λ λ
(16) 

Using Equation (16), the solution of Equation (14) at time 
instance k is: 

( ) ( )
1 1 1

1 1
1

.

k

k k k k k s k k

k

k k k

ds
− − −

− −

−

= +

=

y Θ Θ y Θ Θ A h

Θ Ψ Λ

(17) 

The generalized coordinate functions are used together 
with the eigenfunctions to reconstruct the vertical 
displacement functions w(x,t) using Equation (8). In turn, 
the vertical displacement functions are used as to produce 
the acceleration response data using Equation (14) 
(hereinafter termed “simulation data”), which are 
processed to be used for training the CNN. 

Training of a convolutional neural network for 

damage detection 

In theory, the simulation data could be used “as is” (i.e. in 
time-history format) as input to the CNN, since simulation 
data is relatively “clean” from noise and random 
components. However, upon completing training, the 
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CNN is expected to be applicable with real-world 
acceleration response data, in which the presence of 
spurious factors, such as noise and random components, 
is likely. As argued in Fritz et al. (2022), to reduce the 
effect of spurious factors and expose features in the 
simulation data, data preprocessing is necessary. 
Considering the non-stationarity of the traveling-mass 
problem, common preprocessing methods, producing 
fixed-window frequency-domain representations are 
hardly informative. Instead, preprocessing that depicts the 
coupled time-frequency content of the simulation data is 
necessary. Furthermore, as evidenced in Equation (14), 
the eigenvalues of the coupled traveling-mass-beam 
system change at every time instance k. As a result, a 
preprocessing method that enables tracking the evolution 
of eigenvalues is used, namely the Gabor transform (Qian 
& Chen, 1993): 

( ) ( )
2

2

1
, ,

N i πκj
N

w j j

j s

N f
G κ S w x t z e κ

f

−

=

  
= = 

 
 . (18) 

In Equation (18), Gw is the Gabor coefficient, κ is the 
index of the discrete frequency bin of frequency f, 
considering a discrete set of simulation data of length N, 
sampled at frequency fs (fs = 1/Δt). The “Gabor” window 
function is denoted as zj and could be any window 
function, such as the Gaussian function or the Hann 
window. Finally, S is a scaling factor. 
Gabor coefficients are typically illustrated as colormap 
images. An exemplary illustration of a Gabor-transform 
image of simulation data representing acceleration of an 
Euler-Bernoulli beam is given in Figure 2. 

Figure 2: Gabor transform depiction of simulation data. 

Upon producing the Gabor transform images, the damage 
detection problem is reduced to a classification problem, 
which is solved by the CNN. As shown Figure 3, a typical 
CNN consists of one input layer, a succession of 
convolution layers and pooling layers, (at least) one fully-

connected layer, one dropout layer, and one output 
(classification) layer. Each Gabor transform image is 
passed in red-green-blue (RGB) format of size NI×NI×3 
from the input layer to the first convolution layer. 
Thereupon, the image is subjected to feature extraction, 
performed by progressively “sliding” square matrix 
“kernels” of size nI×nI×3 (generally, nI << NI) over the 
image and by convolving RGB values of image areas (of 

dimensions matching the kernel size) with the kernel 
matrix elements. The outcome of each convolution layer 
is a so-called “feature map”, consisting of convolutional 
products, and each product is fed to an activation function, 
which introduces non-linearity to the CNN, necessary for 
solving non-trivial problems. The outcomes of the 
activation function (“activations”) are propagated to the 
pooling layer, which applies a sliding-window operation 
on the activations, typically computing either the average 
of each sliding window or the maximum value, to reduce 
the dimensionality of the activations. The last pooling 
layer is succeeded by a fully-connected layer, which 
comprises neurons connected to every outcome of the 
pooling layer. The fully-connected layer is followed by a 
dropout layer, in which a predefined percentage of 
features are “dropped” (i.e. ignored) to prevent 
overfitting. Finally, the dropout layer is connected to the 
output layer, which holds the classes. 

Figure 3: Layout of a typical CNN. 

To perform classification, the CNN is trained, i.e. the 
kernels are fine-tuned so that the prediction accuracy of 
the output layer exceeds a predefined threshold. The 
training is performed using a “labeled” set of Gabor 
transform images, i.e. images that correspond to known 
structural conditions, including images from the intact 
structure as well as images from damage scenarios, 
simulated via changing values of structural parameters of 
the analytical model, resulting in stiffness reduction 
equivalent to reduction caused by damage. The labeled set 
is divided into a training set (70% of the images), a 
validation set (20% of the images), and a testing set (10% 
of the images). The training set is propagated sequentially 
(in “batches”) through the CNN, and the prediction error 
gradient, obtained from the output layer is back-
propagated to update the kernels using an optimization 
algorithm, such as gradient descent, and a learning rate, 
which controls the fine-tuning rate of the kernels. Each 
cycle of propagation and back-propagation of a batch is a 
training iteration, and once all the images in the training 
set are used, one epoch is completed. The validation set is 
passed through the CNN periodically during training, 
after a predefined number of iterations. The purpose of 
validation is to monitor the prediction accuracy 
improvement of the CNN with an independent set of 
images so as to avoid overfitting the CNN to the training 
set. The testing set is passed through the CNN at the end 
of training, i.e. upon achieving the predefined prediction 
accuracy, to check the CNN performance. 
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A proof-of-concept implementation and validation of the 
proposed concept, including the analytical modeling of a 
beam structure, the data preprocessing and the training of 
a CNN for damage classification are presented in the next 
section. 

Implementation and validation 

The prototype implementation and validation of the 
proposed concept involve defining software tools for 
simulations and CNN training, as well as devising a 
laboratory proof-of-concept test. In this section, first the 
implementation is discussed, followed by the presentation 
of the validation test and a discussion of the results. 

Implementation 

The first part of the implementation consists in developing 
an algorithm for analytical modeling and data pre-
processing, based on Equations (1)-(18). The algorithm is 
written in the Python programming language and consists 
of functions model_setup, eig_decomp and 
state_space_comp, dedicated to (i) computing the 
matrices A and B for every time instance k, (ii) 
performing eigenvalue analysis to matrix (-Ak)-1Bk, and 
(iii) to applying Equation (17) to compute the vector yk,
respectively. A separate function, data_gen, is written to
retrieve the displacement histories, using the
eigenfunctions, and to compute the acceleration response
data using Equation (14). Finally, the Gabor transform is
realized by function gaborTrsf, and the corresponding
images are produced.
The second part of the implementation involves 
developing and training the CNN. Since, only a proof-of-
concept study is shown, an elaborate parametric analysis 
of the CNN performance and an optimal definition of the 
CNN architecture fall beyond the scope of this paper and 
will be investigated in future research. Instead, the 
MATLAB deep learning tool is leveraged, and a simple 
CNN architecture is devised, shown in Figure 4, adjusted 
to the input of Gabor transform images and to the number 
of classes being considered. 

Validation tests 

The laboratory validation test is devised on a simply 
supported HEB100 steel beam, representing a downscaled 
model of a lightweight bridge traversed by a traveling 
mass, shown in Figure 5. The cross section of the beam 
has dimensions 100×100×10×6 (mm) (width × height × 
flange thickness × web thickness). The total length of the 
neutral axis of the beam is 5830 mm. The beam is part of 
an experimental setup, which includes adjustable struts 
that ensure that the beam is level. It is noted that the beam 
is supported only at its ends, i.e. the struts are not used as 
supports to the beam. The experimental setup also 
consists of pulleys that enable masses to move along the 
longitudinal axis of the beam and a motor that controls the 
mass speed. 

Figure 4: The CNN architecture defined in this study. 

Figure 5: Experimental setup. 

An analytical model of the beam is developed and used 
for simulating the motion of a traveling mass across the 
beam. The modulus of elasticity and the material density 
are computed via preliminary laboratory tests as 
E = 198.5 GPa and ρ = 7.65·103 kg/m3, respectively. To 
produce a labeled set covering a sufficient part of the 
available solutions space, the mass value and speed are 
randomly perturbed to devise several simulation 
scenarios. Specifically, the mass (m) assumes values 
between 10 kg and 40 kg, and the speed (|v|) assumes 
values between 0.2 m/s and 0.5 m/s. With respect to the 
structural condition, two structural “states” are 
considered, one for the intact beam and one assuming loss 
of fixity at one support, i.e. by substituting the vertical 
support with a translational spring, resembling erosion of 
foundation subsoil, e.g. as a result of scour. A total of 500 
simulations are conducted for each state, computing 
acceleration response data at a distance equal to 9L/20 
from the beam end and at a sampling frequency of 
fs = 128 Hz. The reasoning behind avoiding the midspan 
of the beam is that the second eigenfunction, which 
contributes to the structural response, is characterized by 
an antisymmetric sinusoidal shape with a zero-crossing 
point at the midspan. Hence, collecting acceleration 
response data from the midspan would underestimate the 
contribution of the second eigenfunction. In turn, 500 
Gabor transform images per class are produced, forming 
the labeled set used for training the CNN. Exemplary 
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illustrations of Gabor transform images for both states are 
given in Figures 6 and 7. The variation of the first two 
eigenfrequencies is marked for both structural states 
considered, as a result of the variable structural dynamic 
properties of the beam due to the motion of the mass. As 
can be seen in the figures, the loss of fixity at the support 
reduces the eigenfrequencies; however, the variation 
trend is similar in both states. 

Figure 6: Gabor transform for the intact beam 

(m = 23.3 kg, |v| = 0.351 m/s). 

Figure 7: Gabor transform for the damaged beam 

(m = 15 kg, |v| = 0.46 m/s). 

The training of the CNN is performed by first splitting the 
labeled set into 70% training set (350 images), 20% 
validation set (100 images), and 10% testing set (50 
images). During training, the “Adam” optimizer – a 
stochastic gradient-descent optimization algorithm – is 
employed for fine-tuning the kernels in each iteration 
(Kingma & Ba, 2015). The initial learning rate is set to 
0.001, the batch size is 30 images, and the validation 
frequency is defined at every 30 iterations. The total 
number of epochs is set equal to 10, and the learning rate 
is reduced at every epoch by a factor of 0.5. A high 
training accuracy of 98% is achieved after 122 iterations, 
and the accuracy of the validation set reaches 100% after 
30 iterations, as shown in Figure 8. 
Prior to applying the CNN with acceleration response data 
from the experimental setup, the classification capability 
of the CNN is verified using the testing set. The 
classification test results are given in the form of a 
“confusion” matrix, shown in Table 1. 

Figure 8: Training and validation accuracy history. 

Table 1: Confusion matrix for the testing data set. 

Intact Damaged 

Intact 50 0 

Damaged 0 50 

The results for the testing dataset corroborate the training 
accuracy, since every image of the testing dataset has been 
correctly classified. The next step of the validation test 
involves using the CNN for classifying Gabor transform 
images produced from real-world acceleration response 
data obtained from the experimental setup. The data is 
collected using a Lord Microstrain G-Link-200 wireless 
sensor node capable of measuring acceleration in 3 axes 
at ranges up to ±8g and at sampling frequencies up to 
4,096 Hz (Microstrain Sensing, 2020). Experiments are 
conducted for two structural states, matching the states 
used in the simulations, using 30 combinations of mass 
and speed values per state, as listed in Table 2. 

Table 2: Combinations of mass and speed values for the 

laboratory experiments. 

Nr. 
Mass 

m (kg) 
Speed |v| 

(m/s) Nr. 
Mass 

m (kg) 
Speed |v| 

(m/s) 
1 13 0.25 16 27 0.40 
2 13 0.30 17 27 0.45 
3 13 0.35 18 27 0.50 
4 13 0.40 19 18 0.25 
5 13 0.45 20 18 0.30 
6 13 0.50 21 18 0.35 
7 23 0.25 22 18 0.40 
8 23 0.30 23 18 0.45 
9 23 0.35 24 18 0.50 
10 23 0.40 25 38 0.25 
11 23 0.45 26 38 0.30 
12 23 0.50 27 38 0.35 
13 27 0.25 28 38 0.40 
14 27 0.30 29 38 0.45 
15 27 0.35 30 38 0.50 
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The loss of fixity is realized by placing a spring between 
the beam end and its support. Acceleration response data 
is collected for every experiment close to the midspan of 
the beam, at a point located at 9L/20 from the beam end, 
as shown in Figure 5, at a sampling frequency of fs = 128 
Hz, as in the simulations. The acceleration response data 
from each experiment is used to produce a Gabor 
transform image, resulting in a set of 60 Gabor transform 
images to be fed to the CNN, an example of which is 
shown in Figure 9. 

Figure 9: Gabor transform for experiment 10 (intact beam). 

The similarity between Figure 9 and Figures 6 and 7 is 
indicative of the satisfactory proximity between the 
analytical model and the experimental setup. The Gabor 
transform images are fed to the CNN and classified into 
the two classes, corresponding to the states considered. 
The results are summarized in the following confusion 
matrix: 

Table 3: Confusion matrix for the experiments. 

Intact Damaged 

Intact 30 0 

Damaged 1 29 

The results of the experiments clearly highlight the 
capability of the CNN to correctly classify real-world 
acceleration response data. From the Gabor transform 
images of the intact beam, only one experiment is 
misclassified as “damaged”, while the respective images 
of the damaged beam are all correctly classified. 
Furthermore, the results serve as proof of the validity of 
the proposed concept and of the “transferability” of the 
CNN training from the domain of simulations to the real 
world. 

Summary and conclusions 

Damage detection on lightweight bridges with traveling 
masses is a non-stationary problem that is hardly covered 
by conventional methods, developed for experimental 
testing or structural health monitoring. In this context, this 
paper has presented a concept towards detecting damage 
on lightweight bridges, represented by Euler-Bernoulli 
beams. The proposed concept is based on analyzing the 
behavior of the beam using analytical modeling for a set 

of predefined damage scenarios and on using simulation-
derived acceleration response data to train a convolutional 
neural network to classify the data into the damage 
scenarios. Thereupon, the convolutional neural network is 
applied using real-world acceleration response data. 
The proposed concept has been validated in a proof-of-
concept laboratory test on a steel beam with a traveling 
mass, representing a downscaled model of a lightweight 
bridge. The results have shown that the convolutional 
neural network (i) can be trained with high accuracy using 
simulation-derived acceleration response data and (ii) can 
be transferred to real-world applications, assuming 
adequate calibration of the analytical model. Future work 
may focus on considering several damage scenarios, 
anticipated to occur over the lifetime of lightweight 
bridges, as well as on developing the proposed concept 
into a structural health monitoring approach. 
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Abstract
Feature extraction on façades from unstructured point
clouds is a challenging work, especially in the presence
of noise. Previous studies in reconstructing the building
façade are limited to traditional urban buildings. How-
ever, facade with a big proportion of windows, like cur-
tain wall, are less explored. This research aims to propose
an automatic approach to extract building features of a fa-
cade with a big proportion of windows, such as curtain
wall. This approach includes automated detection of the
facades, openings detection and geometry information ex-
traction. A real case is used for testing the framework and
validating the effectiveness of the approach.

Introduction
Building façades are highly related to energy consumption.
Energy-efficient retrofitting of existing buildings is a key
aspect of reaching the energy consumption reduction tar-
gets fixed by public authorities in different countries (Pre-
vitali et al., 2014; Sun et al., 2019). Europe has numerous
historic and old buildings that face challenges, such as en-
ergy loss and higher operational costs, and need to be more
energy efficient (Massafra et al., 2022). The geometry in-
formation of facades is crucial for the energy simulation.

Recent developments in generating digital twins (DTs) of
buildings and point cloud techniques have the potential
to obtain the geometry of building façades and improve
its efficiency and accuracy (Pan et al., 2023). Geomet-
ric building models can be created based on point cloud
acquisition and processing techniques (Pan et al., 2022;
Wang et al., 2020). However, obtaining 3D information
of façades from point cloud of existing buildings is still a
challenging and costly process (Wang et al., 2022).

Previous studies in reconstructing the building façade and
their openings are limited to specific types of buildings,
mainly urban traditional buildings. These building facades
are typically composed of concrete or brick blocks with
low reflectance materials. Building façades with high re-
flectance materials were not considered in previous stud-
ies.
This research aims to propose an automatic approach to ex-
tract building features of a facade with a big proportion of
windows, such as curtain wall. The proposed framework
includes automated detection of the facades and glass win-
dows from the building’s point cloud using emerging im-
age processing technologies techniques. Specifically, the
geometric information of the recognised windows could be
automatically extracted from the point clouds. Compared

with previous approaches, the approach proposed in this
research could be more feasible for building façades with
a big proportion of windows, such as curtain wall and the
outcomes could be directly employed for the other appli-
cations requiring the geometry information of façade fea-
tures, such as building retrofitting and energy simulation.
A laser scanning point cloud dataset of the Civil Engineer-
ingBuilding in theUniversity of Cambridge is used for val-
idation, which is an appropriate case with curtain wall and
a large number of windows on the façade and the results
demonstrate the effectiveness of the proposed framework.

Literature review
The reconstruction of geometric models of building
façades from point cloud data has been explored by many
researchers. For example, Truong-Hong et al. (2012)intro-
duced an algorithm designed to identify building bound-
aries and features, employing a method that transforms
point cloud data into a robust solid model through the
implementation of voxels within an octree representation.
This approach was deployed on the façades of three ma-
sonry buildings, exhibiting proficiency in detecting all
apertures and accurately reconstructing the façade bound-
aries. Previtali et al. (2014) developed an automated
methodology to derive highly detailed 3D vector models
of existing building facades from terrestrial laser scan-
ning data. Themethodology involves segmenting the point
cloud of a building facade into its planar elements and then
generating 3D vector models based on the facade break
lines.
The openings, such as windows and doors are always used
for façade segmentation. Pu and Vosselman (2009) pro-
posed a knowledge-based approach for façade detection,
utilising walls, roofs, protrusions, and doors as features for
identifying façade elements. The geometric reconstruction
was viewed as a process involving polygon fitting, along
with the generation of knowledge-based assumptions to
address occluded parts in the proposed approach. Zolan-
vari et al. (2018) introduced the improved slicing method
for detecting opening boundaries, including those on roofs,
such as chimneys, as well as determining a building’s over-
all outer boundaries through a local density analysis tech-
nique.
The plane fitting and clustering methods, as well as the
use of a projection method to simplify a 3D scenario into
a series of 2D ones, are suitable for relatively simple struc-
tures. However, when dealingwith a diverse range of exist-
ing building types, such as complex architectural buildings
or multi-planar building façades, these approaches tend
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to lack robustness in façade segmentation. For example,
Hamid-Lakzaeian (2020) developed a multi-planar algo-
rithm to detect the principal façade across the entirety of
multi-planarmasonry building facades. The algorithm fur-
ther identifies recessed and protruded sections within each
portion of the principal façade.

To identify the actual geometries for non-rectilinear
openings and extract complicated facade boundaries,
Iman Zolanvari and Laefer (2016) introduced the slicing
method for extracting overall façade and window bound-
ary points, enabling the reconstruction of a façade into a
geometry compatible for computational modelling. It de-
tected free-form openings and overall boundaries in build-
ing façades, even when faced with complexities and out-
of-plane protrusions. Hamid-Lakzaeian (2019) proposed
the Gridded-RANSAC approach to segment point cloud
façade, which is particularly applicable to highly ornamen-
tal masonry buildings with non-rectilinear openings. Xia
and Wang (2019) proposed a facade separation method
capable of dividing connected facades into distinct build-
ing instances. This method can effectively detect complex
windows, including bay windows, and identify a subset of
individual façades based on dividing lines.

In addition to making reconstructions using TLS data,
some studies have proposed reconstructing building
façades from images. Zhao et al. (2021) outlined a BIM-
based image management framework for reconstructing
as-is building 3D models from fragmented images. This
is achieved by registering and aligning UAV images onto
BIM, matching building façade components in the BIM
model with those in the UAV images. This approach pri-
marily focuses on flat building façades with windows and
doors, rather than emphasizing non-flat facades or build-
ings without façade components. Murtiyoso et al. (2021)
proposed an approach to semantically segment building
façades using deep learning, deploying the DeepLabv3+
network and training it on a database of labelled build-
ing façade images. The proposed approach facilitates the
transition between 2D orthoimages and 3D point clouds.
Bacharidis et al. (2020) reconstructed building façades in
urban environments by establishing and leveraging a re-
lationship between stereoscopic images and tacheometry
data. This approach involves combining image and georef-
erenced data to extract meaningful attributes for the struc-
tural elements of the façade, including positional, appear-
ance, and depth-related features.

Some studies have explored combinations of various tech-
niques or features extracted from point cloud data for
façade detection. By leveraging the advantages of 3D point
cloud and 2D optical images, Wang et al. (2018) described
a building facade feature extraction method for extract-
ing building facade features, mainly structural informa-
tion, from 3D point cloud. The proposed method involves
image feature extraction, exploring the mapping method
between image features and 3D point cloud data, and op-
timising the initial 3D point cloud facade features while

considering structural information. Macher et al. (2021)
investigated the use of radiometric information, specifi-
cally colour and intensity, for segmenting windows from
façade point clouds. Jarząbek-Rychard et al. (2020) pro-
posed a supervised approach for extracting façade open-
ings, specifically windows and doors, from photogram-
metric 3D point clouds, utilising both RGB and thermal
infrared information.

In summary, previous studies discussed various ap-
proaches for building façade reconstruction, including
deep learning for semantic segmentation in point clouds,
slicing and clustering methods, supervised extraction of
façade openings utilising RGB and thermal infrared data,
and extracting façade features by combining 3D point
cloud data with 2D images. However, these studies are still
limited to building façades with rectilinear and repetitive
openings or façades with multi-planar surfaces and open-
ings in complex shapes, which are mainly urban traditional
buildings. These building facades are typically composed
of concrete or brick blocks with low reflectance materials.
There is a lack of studies focused on building façades with
a big proportion of windows, such as curtain wall, and no
studies have been conducted to further extract the geome-
try information of the recognised windows in an automatic
manner.

Research methodology
To enrich the knowledge of building façade reconstruc-
tion from high-reflectance materials, this research pro-
posed a digital twin-enabled framework for automatically
generating the geometric information for building façades.
The developed modelling methodology is applicable to
unstructured point clouds containing tens of millions of
points. Each point is parameterised by its spatial coordi-
nates and may also include related attributes, such as in-
tensity or colour, but it does not share any topological re-
lationships with nearby points. In the proposed approach,
the scan registration process is conducted in the Cloud-
Compare software, and the rest steps are implemented in
Python to process the point cloud data.

The input point cloud can be generated by a single or mul-
tiple laser scan. After scan registration, scans are merged
into a specific data structure. The overall procedure is il-
lustrated in Figure 1. Once all scans are collected and reg-
istered in the CloudCompare software, it is essential to de-
termine the windows from the façade. As mentioned ear-
lier, the glass window is high-reflective material, therefore
it is difficult to be fully scanned by laser scanners. In this
case, the points reflected by the windows could be sparse
and random. To detect the windows from the point cloud,
it is essential to remove the points of glass as these points
will influence the object detection of windows and need
to be regarded as noises. A filter process is developed to
identify the points reflected by windows. Usually, the in-
tensity feature can be applied for the detection of this glass
window on the façade (Macher et al., 2021). The filtering
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Figure 1: Pipeline of the facade reconstruction process

process is developed based on the intensity feature of the
point cloud and implemented in Python.
After the removal of the glass window points, the next
critical step is to detect the points belonging to the win-
dows. The main elements constituting the façade are
firstly identified by standard random sample consensus
(RANSAC) algorithm. The RANSAC algorithm is an it-
erative method to estimate parameters of a mathematical
model from point cloud data (Chum et al., 2003; Wang
et al., 2021). The main plane of the façade can be com-
puted based on RANSAC and this plane will represent the
façade surface. At this stage, the point cloud data is still in
3D level. To efficiently detect the openings, including win-
dows and doors, from the 3D point cloud data, this study
adopts the mapping approach to project the 3D point cloud
data onto the façade surface, which is a 2D point cloud data
to identify the openings.
To detect the openings from 2D point cloud data, grid-
based search for openings is performed and implemented
in Python. The size of the grid needs to be determined. If
the size is too big, details of the openings’ boundary will
be lost in the discretization and the accuracy of the dimen-
sions could be decreased. If the grid size is too small, the
grid loses its advantages over the point cloud. In general,
the size will be determined by the resolution of the point
cloud data and the application’s requirements, which is set
as 3 cm in this research.
A grid representation of point clouds for detecting
hole boundaries is commonly used in previous research
(Nguyen et al., 2012). The flowchart of the grid-based
search approach for the openings detection is shown in Fig-
ure 2. A 3 cm× 3 cm grid is applied on the 2D point cloud
to cover the whole data. Some areas may not be covered by
points as they are located in the openings such as windows,
therefore, the point cloud may include some holes which
are regions with no points. Then, each grid is checked that

Figure 2: Flowchart of openings detection process

whether it contains point or not. If a grid has no point in-
side, the grid will be kept as the openings. After all grids
have been checked, the openings from the façade will be
detected.
Finally, the remaining grids are clustered, and each cluster
represents one opening on the façade. A convex oriented
bounding box (OBB) is computed and considered as the
boundary of each opening. In this case, a primitive geom-
etry of rectangles is fitted to the opening. The height and
length of the opening are be calculated by their minimum
and maximum x and y coordinates. Therefore, the geom-
etry information of openings can be extracted from point
cloud data and this step is implemented in Python.
The proposed approach is capable of detecting the facades
and the details, such as windows. Moreover, this research
is also suitable for building façades with high reflectance
materials. A real building with window façades is em-
ployed in this study to demonstrate the effectiveness of the
proposed method.

Results and discussion
Case background

The terrestrial laser scanner Faro was adopted for data
acquisition in this study. After the scan registration, the
building façade of university building was collected. To
test the proposed framework, this research cropped one
piece of façade for the experiments. The picture of the
building in Figure 3 demonstrates the façade is composed
of glass windows. From the point cloud, it indicates that
the glass windows were scanned, but few points lie on the
glass because of the high reflection.
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(a) Picture of the building façade (b) Point cloud of the building facade
Figure 3: Building façade of case study

Experiment results

The filter process is adopted to remove these noise points.
As proposed inmethodology section, the filtering of points
of glasses are based on the intensity feature of the point
cloud. The scalar field image of the point cloud intensity
is shown in Figure 4. The points with intensity values out
of the rangewill be displayed in grey. In Figure 4, the range
of the intensity values is from 158 to 65,535. It is obvious
that the intensity values of the glass in the windows are
below 158, which can be used as the threshold for filtering
the noises in the windows.

The point cloud after the filtering process is given in Figure
5. It demonstrates that the filtering process has effectively
remove the points of glasses in the point cloud. Based on
the comparison of the point clouds of the original one and
the one after filtering process, most of the points, which
are appeared grey in Figure 4 have been removed. The
Figure 5 shows a cleaner point cloud without the influence
of the high-reflection materials on the façade. The results
proved that the intensity feature of the point cloud could be
capable of removing the noises caused by high-reflection
materials of building’s façade, such as glasses.

As proposed in the Figure 1, the cleaned point cloud was
fitted with an optimal plane based on RANSAC algorithm.
The plane that represents the façade surface has been iden-
tified. Therefore, the points on the façade were projected
on the plane. Therefore, a 2D point cloud was generated.
This 2D plane was used to detect the edge of the window
frames on the façade surface. As proposed in the Figure
2, the 2D point cloud will be processed with the openings
detection process to find the windows from the point cloud.

After applying the openings detection process, the open-
ings were detected from the 2D point cloud, as shown in
the Figure 6. It is obvious that all windows can be suc-
cessfully detected. As given in the Figure 6, the open-
ings are represented as clusters in different colours. By
comparison with the original point cloud data in Figure 3,
most of the glass windows were detected despite the high-
reflection issue caused by the façade. Among them, for
the second floor, all the windows were successfully iden-
tified and separated. For the first floor, on the left side of
the façade, all the windows were also segmented and sepa-
rated. In regard of the right side of the windows, the lower
smaller windows were not successfully separated, and this
is because the original point cloud was not scanned com-

pletely, and the window frames of some smaller windows
were not scanned. Thus, it is challenging to separate these
small windows with the detection process. This situation
is caused by the quality of the scanned data.

After the detection process, the final step is to extract the
geometry information of these openings as given in Fig-
ure 2. The bounding boxing method was adopted to esti-
mate the boundaries of these openings, so that each clus-
ter can be represented as a rectangular box. The result of
the bounding box estimation is given in Figure 7(a). After
that, the geometry information of each bounding box can
be used to estimate the geometry information of the win-
dows, as seen in Figure 7(b). The coordinates of the four
vertices of the bounding box were computed, thus, the lo-
cation, width and length of each window were obtained.
In summary, with the proposed framework, the geometry
information of the openings in the façade can be extracted
automatically.

Discussions
According to experiments using real case point cloud data,
the effectiveness of the proposed framework was validated
above. In contrast to prior studies centred on general fa-
cades, our research pioneers a novel method for detecting
facades with high-reflectance materials. The filtering pro-
cess successfully removed points related to glass by utilis-
ing the intensity feature, allowing for the identification of
openings. The results demonstrated the successful detec-
tion of glass windows from the point cloud, with approxi-
mately 94% of openings detected correctly.

The grid size used in this case is 3 cm for the openings de-
tection, as defined in the method section. However, based
on the alignment between window clusters and the point
cloud before the detection process, some variations were
observed among window boundaries and the facade. This
might reduce the accuracy of the extraction of the geom-
etry information. Therefore, it is suggested that the grid
size used might be too large for accurate detection. For
more precise geometry information generation, the grid
size needs to be set smaller, or further experiments need
to be conducted to determine the optimal grid size.

According to the Figure 7(b), it indicated that some small
windows were merged as one window. However, it is be-
cause that they were not completed separated. A filter-
ing algorithm could be developed to filter these windows
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Figure 4: Scalar field of point cloud intensity

Figure 5: Point cloud after noise filtering process

Figure 6: Point cloud after openings detection process

which need to be recognised as errors. Based on prior
knowledge of building, some limits could be set for the
width and length of the windows that can be used as crite-
ria for filtering the errors, therefore improve the accuracy
of the detection.

Regarding geometry information, this research assumes
that windows are regular rectangular shapes, which aligns
with actual practices in real cases. The extracted geome-
try information can be directly applied to future building
energy simulations. This study opens the opportunity to
automate the process from the point cloud to energy sim-
ulation, and further investigations could be conducted for

this purpose.

Conclusions
The main contribution of this study is the development
of the approach to extract building features of a facade
with a big proportion of windows, such as curtain wall.
The framework includes automated detection of the fa-
cades and glass windows from the building’s point cloud.
Specifically, the geometric information of the recognised
windows could be automatically extracted from the point
clouds. The proposed framework is validated in an existing
building, and the results demonstrate its effectiveness. The
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(a)

(b)
Figure 7: Bounding box estimation of the openings: (a) bounding boxes (b) bounding boxes and windows

outcomes could be directly employed for the other appli-
cations requiring the geometry information of façade fea-
tures, such as building retrofitting and energy simulation.

Additionally, this research has the potential to enrich a ge-
ometric digital twin of the façade with details. This au-
tomatic approach enhances the accuracy and efficiency of
the point cloud process. The limitation of this research is
that the proposed approach was validated only on one case
study. More types of façades could be also included to val-
idate the effectiveness of the proposed approach. Future
work in this area includes the extension of this technique
to capture an entire building (exterior and interior objects)
and to generate more complicated structures and building
elements such as roofs, free-form surfaces, internal objects
(e.g. ceiling, internal walls), shading elements, façades of
non-terraced buildings, and skyscrapers.
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Abstract 

This paper presents the outcomes of an innovative safety 
project integrating Health and Safety standards, Building 
Information Modelling (BIM) and wearable sensors to 
address safety on construction sites. The paper presents a 
framework and a prototype that integrates 4D BIM and a 
real-time tracking sensing system. The 4D BIM virtually 
identifies and collects the data of hazard zones which is 
synchronized with the tracking-based sensing system and 
is used to monitor the access to and interactions with risky 
zones on construction sites. Real-time alerts are 
automatically triggered in case of unauthorised 
trespassing to proactively prevent accidents. The 
collected monitoring data are then visualised within the 
4D BIM model, enabling stakeholders to identify trends 
and evaluate the effectiveness of safety measures. The 
integrated system was validated in a construction site and 
showcased a shift to proactive safety measures, improving 
hazard identification and control.  

Introduction 

Construction sites are widely considered one of the most 
hazardous work environments due to their constantly 
evolving and unpredictable nature, encompassing high-
risk activities, and the frequent interaction between 
workers and machinery (Jin et al., 2020; Kulinan et al., 
2024) The latest report from the Health and Safety 
Executive (HSE, 2023) documented a total of 135 fatal 
injuries in work-related accidents in Great Britain in the 
year 2022/23, 45 of which were within the construction 
sector, making it by far the leading sector in fatal 
accidents. The report also highlighted a total of 53,000 
non-fatal injuries within the construction sector for the 
same year. One of the major causes of injuries and fatal 
accidents in construction sites is “unauthorised incursion” 
(Jin et al., 2020; Shuang et al., 2019). Unauthorised 
incursion refers to the entry or presence of an onsite 
person in an identified hazard zone without a permit, 
reflecting his role or competence relative to that zone. 
According to HSE, many contractors in the UK address 
this issue by employing traditional engineering controls 
from the hierarchy of controls, Figure 1, by providing 
workers with Personal Protective Equipment (PPE) and 

installing physical barriers (e.g., safety bollards, tapes, 
barricades, toe boards, signs, cones, etc.) to protect and 
isolate workers from hazards. Although traditional 
barriers can mitigate some of the risks on site, they are 
associated with several limitations. These include 
labourious and time-consuming installation, vulnerability 
to trespassing or destruction, and a lack of proactive and 
early warning mechanisms (Ding et al., 2022; Kulinan et 
al., 2024). Hence, over the last two decades, many 
researchers and industry practitioners have sought 
different ways to address such limitations and improve 
safety measures by proposing various digital technologies 
which is referred to in this study as an innovative measure, 
i.e., digital control, to the Hierarchy of Controls, (see
Figure 1). These digital technologies include Building
Information Modelling (BIM), IoT devices, extended
reality, wearable and embedded sensors, and robotics for
identifying and controlling onsite hazards.
These emerging technologies are integrated into 
construction safety management owing to their 
capabilities for automated hazard identification, real-time 
monitoring, proactive warnings, and data-driven decision-
making. Although technologies in general contributed 
significantly to enhancing safety measures in construction 
sites, it remains difficult to meet high safety standards 
especially when these technologies are solely employed 
or not incorporated with safety standards and protocols 
(Jin et al., 2020; Wang et al., 2022). Therefore, this paper 
introduces an integrated safety system designed to 
overcome previous limitations, aiming to identify and 
control hazard zones, fostering mutual interaction 
between the virtual design model and the physical site. 

Figure 1. The Hierarchy of Controls Framework; with Digital 

Control integrated into the Engineering Control layer. 
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Related Studies 

Various digitalization-based safety systems have been 
developed and introduced to enhance safety measures and 
prevent incidents in construction sites by identifying, 
monitoring, and controlling onsite hazards. Table 1 
presents a summary of related studies and characterization 
of their safety systems to better highlight the innovation 
and contribution of our system. The characterization 
examines the studies based on several criteria that 
examine the level of automation, effectiveness, and 
responsiveness of the presented safety systems. The 
characterization examines the studies based on the below 
criteria that inspect the level of automation, effectiveness, 
and responsiveness of the presented safety systems. 

• Hazard identification mechanism that investigates the
type of technologies used to identify and highlight
safety hazards whether during the design in virtual
models or during construction on site. It also checks
whether the project programme was considered as it is
key to include the time dimension and the activities
sequence when identifying hazards to be monitored.
For instance, when identifying a hazard zone, its
associated activities, and their start/end times should
be available for the monitoring system to be
activated/deactivated based on such data.

In general hazard identification technologies include
BIM, extended reality, and computer vision. BIM has
proven to be an effective tool in safety management
during the design phase by enabling designers and
planners to highlight safety hazards in the design
models and propose mitigations. However, BIM
independently lacks dynamic data from the
construction site that should be streamed in real-time
to accurately depict what is currently happening on
site (Kulinan et al., 2024). Therefore, BIM by itself is
not sufficient for managing safety and requires the
integration of IoT and sensing devices to provide
timely data during construction.
Extended Reality (XR) technologies have also been
widely adopted in safety management to provide an
immersive and interactive environment to identify and
visualise onsite risks (Wu et al., 2022). Their adoption
has mainly been for providing safety training to
construction workers where safety instructions and
guidelines are displayed for identified hazards,
enabling the worker to manage onsite hazards
effectively and interactively.

Other technologies have also been used to identify
onsite hazards including computer vision-based
approaches. Many researchers proposed vision-based
safety systems that collect and process visual data to
recognise onsite risky behaviours of construction

workers or equipment. Despite their automated 
approach to identifying potential hazards, computer 
vision techniques are limited to certain safety 
scenarios and types of objects that were trained to 
detect and recognise (Kulinan et al., 2024). 
Furthermore, these systems require a clear and 
uninterrupted visual data stream which in many 
construction sites is not easy to ensure due to their 
dynamic nature with various moving parts. 

• Hazard monitoring mechanism, looking into the types
of technologies used to collect and process data from
the construction site and whether this mechanism is
fully automated or not. There is a wide array of
different sensing and IoT devices adopted in the
literature depending on the type of data that needs to
be collected. For example, in most safety applications,
location data of onsite personnel or equipment is
mainly needed, and it is generally collected using
position sensors (e.g., GPS). In other applications
where the motion data of equipment is required,
motion sensors (e.g., IMU) are mainly used. In some
studies, visual sensors (e.g., CCTV cameras) are
favoured to acquire images or video streams that can
be used to monitor hazard zones.

• Hazard controlling mechanism, ensuring the safety
system leverages real-time and automated controlling
mechanism that alerts people from potential hazards
and proactively prevents injuries or accidents. For
instance, when an unauthorized incursion occurs, it is
expected for the system to trigger a fully automated
warning in real time to alert the unauthorized person
as well as HSE managers. This criterion also
investigates whether a system employs visualisations
that report and present monitoring data and analysed
metrics (e.g., zone interactions metrics) in a timely
manner. It also examines whether a learning feedback
loop is integrated into the safety system that ensures a
continuous learning loop based on the monitoring
information from previous reports to enhance the
safety measures of future onsite hazards.

• Integration of Design and construction measures

which checks whether a given study integrated the
safety measures during the design phase with those
applied during the construction phase and if there is a
feedback loop from the construction to the design that
can enhance the safety planning of future sites.

As illustrated in Table 1, there is a gap in integrating all 
these elements into a unified system able to identify, 
monitor, and control on-site hazards in an automated and 
proactive manner while ensuring a learning/improving 
feedback loop between the design and construction. 
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Research Methodology  

This research project was conducted as part of the 
Discovering Safety initiatives delivered by the Health and 
Safety Executive (HSE) in the UK. The main aim was to 
integrate current Health and Safety (H&S) standards, BIM 
technology, and advanced wearable sensing systems for 
enhancing safety measures during both the design and 
construction phases while maintaining a 
learning/improvement feedback loop between the two.  

To achieve this aim, a conceptualized integrated safety 
framework was developed that incorporates safety 
measures during the design and construction following 
the “plan, do, check, and act (PDCA)” followed by the 
HSE and according to H&S standards. This system was 
developed with continuous feeding input from key 
industrial stakeholders including project owners, 
designers, contractors, HSE representatives, and 
technology suppliers. The developed framework also 
presents the integration workflow between the two 
technologies (i.e., BIM and wearable sensors) that will be 
employed to identify and manage safety hazards during 
both phases. In this project, the SafetiBase system 
provided by 3D Repo was used to identify and capture 
hazards within the 4D BIM model while the sensing 
system was used to monitor and control the identified 
hazards. The developed framework was later 
implemented in a real construction site using both 
SafetiBase and Plinx platforms to validate its level of 
effectiveness and responsiveness to prevent onsite 
incidents and enhance safety measures.  

Construction Safety Integrated Framework 

Figure 2 presents the construction safety framework, 
integrating the BIM technology and the sensing system 
for managing safety during the design and construction 
phases. In the design phase, 4D BIM models play a key 
role in hazard identification within the construction 
sequence following the PAS 1192-6 standard, as 
illustrated in Figure 3a. Pre-approved treatment strategies 
following H&S standards and contractors’ best practices 
are then placed to address those hazards. Where possible, 
identified hazards should be eliminated or substituted by 
changes to the building sequence following the hierarchy 
of controls (recall Figure 1). There are, however, lots of 
instances where this is not practical and engineering 
controls must be employed to ensure the safety of the 
working area during the construction phase.   

For each identified hazard, a zone is marked virtually 
within the BIM model encompassing that hazard (Figure 
3b). For each identified hazard, detailed information, 
including XYZ coordinates, project reference point, and 
the start and end times of associated activities, is gathered 
by the Plinx broker through 3D Repo's API. These XYZ 
coordinates are then converted to WGS84 Lat/Lon by the 
broker for compatibility within the Plinx system. Plinx 
effectively activates and deactivates the designated zones 
at the specified times. The Plinx platform hosts metadata 
from the risk treatment ticket, involving zone type, 
purpose, and additional information available in the 
treatment notes.  

 
Figure 2. The proposed integrated safety system as a bi-platform management system  
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(a) (b) 

Figure 3. Identifying H&S risks virtually in a 4D BIM model using 3D Repo platform: (a) identified hazard activities within the 

construction sequence, (b) marking up a hazard zone associated with a drainage activity as an example.

Upon receiving zone data, Plinx establishes a connection 
with its corresponding physical wearable sensors. Before 
each construction shift, access permits are assigned to 
onsite personnel based on their roles and competencies, 
specifying permissions for entry and operation within the 
designated zone intended to be monitored. Unauthorised 
access triggers real-time alerts through the automatically 
activated sensors. The Plinx platform offers real-time 
visualisation of all monitoring data and zone interactions.  

At the end of each shift, zone interaction data, both 
authorised and unauthorised entries, is promptly 
transmitted to 3D Repo via API. This includes location 
data recorded every 30 seconds, accessible through an 
API call typically conducted at the end of each working 
day. Plinx ensures the conversion of this data to XYZ 
coordinates before export. Within the 3D Repo 
environment, the movement and interactions within zones 
can be played back onto the BIM model, providing a 
contextual reference to the initially created zones. Doing 
so enables reflecting on the effectiveness of the current 
safety strategies and enhancing the safety planning and 
management of future hazard zones. This iterative process 
not only reinforces the practical implementation of 
integrated systems but also supports the overall efficacy 
of the H&S risk management framework. 

Case Study  

To validate and measure the effectiveness and 
responsiveness of the developed integrated safety 
framework, an on-site case study was implemented with 
the main intention of acquiring authentic, real-world data 
from a dynamic construction site.  The on-site trial took 
place at AstraZeneca's quality assurance building project.  

Hazard Zone Setup: AstraZeneca’s 4D BIM model was 
imported into the SafetiBase platform for hazards to be 
identified and captured. Initially, four construction 
activities with potential risks were identified — footings 
excavation, drainage chamber installation, steel erection, 
and utility connection into the main road. However, given 
the compact site and the diverse expertise of the chosen 
subcontractors, establishing safety zones for all these 
activities based on roles and competencies posed a 
significant challenge. Consequently, only the steel 
erection task, which was executed by a specialised team, 
was selected to be monitored onsite (Figure 4). A safety 
zone was established around its locations with its hazard 
details captured in the BIM model following the PAS 
1192-6 standard. The zone and its data were then 
extracted from SafetiBase by the API and sent to the Plinx 
platform to be monitored on-site during construction.  

On the construction site, the WGS84 coordinates of the 
zone are precisely mapped using a survey rover, (Figure 
5a). The survey rover outputs a GEOJSON file which is 
then uploaded directly to the Plinx platform to validate its 
alignment with the safety zone plotted in SafetiBase. 

 
Figure 4. The safety zone selected around the steel erecting 

work to be monitored and controlled. 
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(a) (b) (c) (d) 

Figure 5. The sensing system: (a) a GNSS Rover, (b) RFID card, (c) charging and allocation station, (d) wearable sensor connected 

to a safety helmet.  

Sensing System Setup: The sensing system used to 
monitor the hazard zone was supplied by Plinx. The 
wearable sensors were connected to JSP construction 
helmets as illustrated in Figure 5d. Plinx RFID cards were 
used to assign operative roles and competencies of onsite 
personnel against their card IDs’, see Figure 5b. Site 
operatives then scan these RFID cards to receive a sensor 
with personalised zone access based on their assigned 
roles relative to the zone. 

Safety Zone Monitoring: Following the sensing system 
set-up, the safety zone around the steel erection work was 
monitored for one week. The wearable sensors and cards 
were assigned at the beginning of the working shifts. The 
wearable sensors transmitted the location data of onsite 
personnel every 30 seconds. These data points were 
visually represented on the platform as green dots, as 
illustrated in Figure 6. The monitoring system was 
intricately designed to generate alerts in the event of 
unauthorised individuals entering the designated zone. To 
assess the system's responsiveness and reaction time, 
deliberate unauthorised interactions were induced within 
specific areas of the monitored zone. Upon the entry of 
unauthorised individuals, their sensors emitted audible 
beeps and vibrations. The locations of these breaches 
were then visually depicted as dark blue dots (Figure 6). 

 
Figure 6. Zone interaction data for a week-period monitoring 

All zone interaction data are recorded and presented in a 
comprehensive weekly report, see Figure 7. This report 
includes details such as the number of 
authorised/unauthorised entries and associated 
information, including personnel ID and role, date, and 
time of entry, as well as the duration of their presence 
within the zone.  The gathered monitoring data are used 
to enhance week-on-week management strategies of 
safety zones by playing it within the 4D BIM model, as 
illustrated in Figure 8. More significantly, it plays a 
crucial role in providing insightful feedback to planners 
and designers, offering valuable insights into the 
efficiency of implemented preventive measures. This 
feedback loop ensures an ongoing enhancement of safety 
protocols, fostering a dynamic and responsive approach to 
maintaining and improving overall safety standards. 

Results and Discussion  

Trial Impact: This work has demonstrated the successful 
implementation of the developed safety framework 
integrating H&S standards with digital technologies for 
identifying and managing hazards on construction sites. 
The integration of digital technologies has significantly 
enhanced construction safety through proactive hazard 
identification and management. Unlike traditional 
reactive approaches, the digital control system, equipped 
with automated sensing and monitoring, predicts and 
prevents potential hazards in real-time. This ensures not 
only the effectiveness of safety measures but also 
responsiveness to dynamic site conditions. The system's 
proactive alerting further strengthens safety by triggering 
immediate responses to unauthorised individuals 
breaching safety zones, reducing the risk of accidents. The 
monitoring system has a detection accuracy within a 50 
cm radius, significantly enhancing safety by triggering a 
warning when a worker approaches the zone at a 
proximity of just 50 cm at a walking speed of 4 mph. This 
level of precision surpasses the accuracy of systems 
documented in previous studies. For example, the system 
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presented by (Jin et al., 2020) gets triggered only when a 
worker is within a 200 cm distance. Additionally, our 

system demonstrates real-time responsiveness, with an 
estimated average reaction time of just 0.3 seconds. 

 

 

 

(a) (b) 
Figure 7.  Recorded unauthorised incursions to the zone: (a) an example of a weekly report summary, and (b) data visualisations of 

the steel work zone interactions over the monitoring period.  

Figure 8. A screenshot from a video displaying the location data gathered during the zone monitoring within the 4D BIM model. 

Moreover, the developed system extends data 
visualisation into the 4D BIM model, providing a 
comprehensive understanding of the construction site 
layout and potential hazards. This allows stakeholders to 
analyse safety data over time, identify trends, and make 
informed decisions for targeted improvements. The 
feedback loop in the system plays a crucial role in refining 
safety protocols by providing continuous, data-driven 
insights. Unlike traditional post-incident analysis, this 
system fosters a proactive safety culture, emphasizing 
ongoing refinement and optimization based on timely 
feedback. 

Limitations and Future Recommendations: While this 
trial has shown promising advancements in safety 
management by integrating BIM and monitoring-based 

sensing, it is crucial to recognise the challenges and 
limitations faced during implementation. These insights 
are valuable for refining the system and optimizing its 
performance in larger-scale construction scenarios. One 
key challenge involved difficulties in obtaining and 
applying pre-approved treatment strategies for 
establishing and marking safety zones. This issue is 
widespread among contractors due to the absence of a 
standardized zonal control framework specifying 
attributes of a given zone based on the construction 
activity associated with it. The current process has a 
limitation where the shape drawn in SafetiBase is a 
freeform polygon. While this provides flexibility, it may 
lead to discrepancies between the digital zone and the 
physical segregation on site. A preferable solution would 
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involve the system applying standardized rules to the 
highlighted hazard, assisting designers in comprehending 
the spatial impact and aiding the site team in deploying 
physical barriers more effectively.

It is vital to automatically align safety zones with planned 
activities to prevent sensor alerts from inaccurately 
triggering and misrepresenting actual locations. The plan 
involves developing a customised SafetyZone interface 
within 3D Repo to enable safety managers to authorise 
and restrict zone access to operatives, machines, or groups 
seamlessly as part of the system workflow. It is also worth 
noting that the deployment of sensing technologies, 
particularly monitoring personnel through wearable 
sensors and collecting location data, raises privacy and 
data security concerns. Achieving a careful balance 
between enhancing safety and respecting individual 
privacy rights is essential. Implementing robust data 
security measures is crucial for ethical and legal 
considerations, ensuring responsible use of the collected 
data and compliance with privacy regulations.

Conclusion

This work presented a construction safety framework that 
integrates H&S standards with digital technologies to 
enhance safety planning and management in construction 
sites. This innovative approach represents a shift from 
reactive to proactive safety measures. Utilizing BIM for 
virtual hazard identification and real-time monitoring 
through sensing technology, the integrated system 
predicts and prevents potential hazards, reducing the 
likelihood of accidents. The developed system also 
enables visualising monitoring data within the 4D BIM 
model, offering stakeholders a comprehensive 
understanding of the site and supporting continuous 
improvement through a dynamic feedback loop between 
the design and construction phases.
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Abstract 

Increased accessibility to additive manufacturing 
technology facilitates democratization of manufacturing, 
bringing it to habitable environments. The operation of 
additive manufacturing can be hazardous to human health 
mid-long term. Virtual sensing extends the capabilities of 
hardware sensors enabling affordable monitoring to 
ensure safe operation in democratized manufacturing 
environments. However, the development process has not 
yet been standardized for informally trained personnel to 
facilitate the adoption of virtual sensors. This paper 
presents a case study analysis to propose a standardized 
process for the data collection and development of virtual 
sensors for indoor air quality monitoring in democratized 
manufacturing environments. 

Introduction 

Democratization of manufacturing is driven by personal 
digital fabrication (Mota, 2011; Anderson, 2012; 
Gershenfeld, 2012), which enables informally-trained 
consumers to meet their production and customization 
needs (Browder et al., 2019). Increased access to 
fabrication technology like Additive Manufacturing (AM) 
or 3D printing (3DP) brings digital fabrication to ad-hoc 
manufacturing spaces at home, university, and start-ups 
that are not designed to manage the harmful emissions for 
human health (Ford & Despeisse, 2016). The widely 
adopted Material Extrusion (ME) 3DP technology 
typically utilizes thermoplastic or thermoset polymers as 
feedstock materials (Ligon et al., 2017), releasing Volatile 
Organic Compounds (VOC) and Particulate Matter (PM) 
during their operation. If inhaled, PM (PM2.5 or smaller 
is smaller than 2 μm) can reach the alveolar region of the 
lungs and be transported by the bloodstream to other 
organs (Pilou et al., 2015). (Afshar-Mohajer et al., 2015; 
Azimi et al., 2017) proved that VOC and PM in indoor 
environments for AM can greatly exceed the safety 
thresholds (World Health Organization, 2016). 
Indoor environments where AM technology is deployed 
must be controlled to limit these health hazards since 
informally trained personnel are neither aware of the 
health hazards (Berger et al., 2023; Schieweck et al., 
2018). Many authors have addressed the characterization 
of emissions in terms of VOCs and PM from 3D printing 
processes under controlled laboratory environments 

(Afshar-Mohajer et al., 2015; Bravi et al., 2019; Kim et 
al., 2015; Mendes et al., 2017; Pernetti et al., 2023). These 
works of characterization of pollutants mostly focus on 
single sampling of emissions using high-end equipment. 
Nevertheless, these solutions are not transferable to the 
built environment (e.g., in offices, classrooms, and 
makerspaces) due to the reduced number and cost of 
sampling equipment. In contrast, low-cost sensors are 
accessible and affordable solutions to monitor the 
emissions in additive manufacturing and larger 
environments. The caveat of using low-cost sensors is the 
lack of accuracy of the available technology to detect 
emissions. Plus, makers are not willing to add the extra 
cost of sensors due to their lack of awareness. Some 
authors try to make low-cost monitoring feasible by 
integrating it with signal processing and analysis 
(Stefaniak et al., 2021; Vogt et al., 2021; Martínez-
Comesaña et al., 2022; Tagliabue et al., 2021). These 
techniques can be automated via virtual sensors to 
increase awareness on IAQ for 3D printing users. 
Virtual sensors are online instruments of measurement 
that supplement other monitoring entities (Lin et al., 2007; 
Montague et al., 1992; Martin et al., 2021). Virtual 
sensors have been used to estimate NO, NO2, NOx, SO2, 
O3, CO, Cd, PM2.5, and PM10 concentration and 
virtually recreate the pollution in the built environment, in 
entire neighborhoods (Benabbas et al., 2019; Dogeanu et 
al., 2019) and undergrounds (Loy-Benitez et al., 2020; 
Loy-Benitez et al., 2022). Applications of virtual sensing 
to measure indoor air quality (IAQ) in the literature are 
still limited to controlled environments (Leidinger et al., 
2014; Zaidan et al., 2020), but has proven to be a feasible 
option for monitoring comfort indoors (Kowli et al., 
2023). Virtual sensors can also be used to monitor targets 
that are out of reach (i.e., it is not possible to install a 
hardware sensor), and to reduce the number of sensors 
required making the final solution more affordable. Given 
the limited literature in the context of democratized 
manufacturing, there is still no standard process to guide 
the development of virtual sensors for IAQ.  
This paper aims to kick-off the design of a standard 
process for the development of virtual sensors for IAQ 
monitoring in ad-hoc democratized manufacturing spaces. 
The process learns from the ad-hoc solutions in the 
literature and the analysis of a case study that 
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implemented a virtual sensor model in a 3D printing 
environment. 

Context and case study analysis 

The key elements of a case study design are (Priya, 2021): 
(a) Purpose of study: To create a data collection protocol
and a training and deployment process for virtual sensors
to monitor IAQ in a democratized manufacturing
environment.
(b) Type of case study research: exploratory case study.
(c) Research question: How to develop and utilize virtual
sensors for IAQ monitoring?
The context of the case study is a democratized additive 
manufacturing environment in a commercial office 
building. Herein, the study focuses on a cabinet hosting 
four printers Creality CR20-PRO Fused Deposition 
Modelling (FDM), an ME technique. FDM 3D printing 
principle consists in building three-dimensional solid 
objects from their digital models by selectively 
accumulating liquified thermoplastic material (e.g., PLA, 
ABS) layer-by-layer (Anon, 2024; ISO/ASTM, 2013) into 
a bed where the material cools and cements, shaping a 
geometry. The cabinet is enclosed for the sake of safety in 
terms of limiting the emissions released into the rest of the 
shared working environment; yet this space represents a 
practical democratized manufacturing space in terms of 
size, purpose, and the level of available resources. The 
dimensions of the cabinet are 200x90x100 cm (see Figure 
1). It is composed of a desk and eight methacrylate panels 
for two side panels, four access windows, two sliding 
windows in the back and the ceiling, plus a single 
extraction point in the center of the ceiling panel. 
Extraction works at the same speed but can be turned on 
and off. The goal of monitoring in this space is to raise 
awareness on health for the users in terms of utilization of 
the space, and the cabinet, and pollution escaping the 
cabinet during operation of the 3D printers. 

Figure 1. Cabinet hosting four 3D printers for relevant data 

collection under democratized manufacturing settings. 

Virtual sensor data collection, training, and 

deployment process 

This section explains the process for collecting IAQ data 
and training and deploying virtual sensors in the 

democratized additive manufacturing environment. This 
process is addressed to occupants operating democratized 
additive manufacturing environments and data 
practitioners interested in monitoring air quality indoors. 

Figure 2. Process for data collection and development of 

Virtual sensors for IAQ monitoring. 

Figure 2 summarizes these steps in the process, which are 
the result of the analysis of literature on IoT deployments 
(Bashir et al., 2022; Bibri, 2018), prior knowledge in other 
areas (Merino et al., 2022), and adaptations from the 
application of each step to the domain of IAQ. 

Low-cost sensor deployment 

An effective sensor deployment is launched by 
appropriate selection of sensors. Sensor selection must be 
informed by literature in the domain as well as a market 
review. For instance, in the context of 3DP, (Afshar-
Mohajer et al., 2015; Bravi et al., 2019; Kim et al., 2015; 
Mendes et al., 2017; Pernetti et al., 2023) used chamber 
setups to characterized the emissions of popular 3DP 
filament materials like PLA, ABS, HIPS, and PC, 
resulting in particulate matter (PM) and diverse species of 
volatile organic compounds (VOCs). 
Sensors shall be calibrated before deployment. Although 
manufacturers claim that sensors have been calibrated in 
laboratory environments at source, they need to be 
calibrated in the field since fabrication variance is not 
avoidable yet in low-cost sensing. The calibration 
methods for air quality monitoring vary (Chowdhury et 
al., 2023; Zaidan et al., 2020; Zarrar & Dyo, 2023; Tariq 
et al., 2020; Zimmerman et al., 2018), but share the notion 
of comparing against a source of truth. Often these 
sources of truth are high-quality sampling equipment. 
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This equipment comes at a high price tag both for 
purchasing and for single-time calibration from the 
manufacturer, which may be prohibitive for some makers. 
Furthermore, concept drift (De Vito et al., 2024) appears 
when operating conditions change from those 
encountered during training set recording, the derived 
calibration accuracy drops. Thus, calibration should be 
considered over longer-time of monitoring to account for 
seasonal differences and sensor drifts. Alternatively, some 
authors targeting scalable calibration have proposed 
median calibration, which is obtained through using 
datasets considering the median response of several 
sensor units to identical field recorded conditions (De 
Vito et al., 2024).  
Finally, the position of the low-cost sensors in the space 
must be designated for deployment. Sensor positioning in 
air quality monitoring is informed by the identification of 
sources of pollution and the expected usage of data. The 
final positions and configuration of sensors must be 
logged into a repository for traceability and maintenance 
of the deployment, since hardware sensors can suffer 
network drops and reconfigurations, power problems, or 
even complete failure that prompts replacement. For 
deployments with limited number of sensors, can make 
them rotate around the intended positions, then later 
substituted for their virtual counterparts. 

Data Collection: Characterization of pollutants in a 

practical space 

The purpose of the data collection is to characterize how 
the pollutants are dispersed in a practical democratized 
additive manufacturing environment. 
Variables are selected to enable virtual sensing training 
and operation. Generally, nearby locations measurements 
are used to estimate PM and VOC, but some authors have 
used humidity and temperature to improve the accuracy 
of CO2 estimations (Tagliabue et al., 2021; Zaidan et al., 
2020), CO and CO2 and operational parameters of the 3D 
printers for estimating PM and VOC (Stefaniak et al., 
2021). 
Experiments must be contextualized in the process of the 
indoor environment that is causing the emissions. The 
goals of data collection and literature can support the 
design of experiments. In the case of semi-controlled or 
uncontrolled environments, experiments conducted shall 
cover data collection of a range of practical situations. 
Experiments should have the same starting conditions and 
they are repeated for validation of data collection under 
the same conditions. Experiments can also be repeated for 
identification of seasonality. 
Data analyzed to test the validity and thoroughness of data 
collection and to identify potential missing conditions for 
new experiments. Experiments ought to include at least 
baseline identification (i.e., how is the signal for each 
variable when nothing is happening) and the range of 
practical situations devised during experiment design.  

Virtual Sensing design 

Virtual sensors are used as a backup for potential failures 
of low-cost sensors, to completely replace them, and to 
provide measurements in locations hardware sensors 
cannot reach (e.g., temperature inside a boiler). In the case 
study, the virtual sensor was designed as a backup for 
PM1.0 of the low-cost sensor in the same location and to 
replace it for use in a different space. 
Diverse regression and machine learning models have 
been used to estimate PM and VOC: in terms of indoor air 
quality, (Stefaniak et al., 2021) used linear regression to 
estimate VOC and PM concentration in a large-format yet 
controlled AM lab. (Dogeanu et al., 2019) trained Neural 
Network virtual sensors on data from fixed air quality 
stations located in urban areas to estimate the 
concentration of PM2.5 and PM10 among other pollutants 
to virtually recreate the pollution in entire neighborhoods. 
(Leidinger et al., 2014) implemented a virtual sensor 
based on linear discriminant analysis (LDA) for selective 
detection of hazardous VOCs using a gas sensor array. 
Literature can influence model selection, but it is 
ultimately the decision of the data practitioner which 
model to select. Comparison between several models is 
recommended. It is important to understand that models 
trained in a given space may not be transferable to other 
spaces unless the geometry and operations are near to 
identical (e.g., another cabinet with the same setup). 
Models in the literature should be implemented within the 
context of the case study to test the validity and enable 
comparison under desired conditions.  
Along with model selection, comes the features to be used 
to train the virtual sensors. Data analysis should 
undercover correlations between variables that can 
support estimations in the models. Literature can also 
inform known relationships between variables, but they 
should be confirmed through data analysis.  
In most cases, raw data from hardware sensors needs 
some form of preparation before they are suitable for 
model training. Typical methods for data preparation are 
filtering, synchronization, and transformations (e.g., 
principal component analysis, logarithmic conversion, or 
derivatives of the original signal). Outliers due to sensor 
temporary malfunction and missing data due to power or 
network losses should be identified and removed, and 
only relevant controlled data from the experiments should 
be used for training. 
With the advent of Machine Learning open-source 
frameworks, model training is becoming easier than ever. 
(Nguyen et al., 2019; Wu et al., 2022) compare popular 
frameworks in terms of capabilities and training and 
testing performance. The main goal of training is to obtain 
acceptable accuracy without incurring into overfitting 
models. This becomes an iterative process of trial and 
error, and continuous improvement in most cases. In some 
cases, this iterative process requires the practitioner to 
apply different pre-processing methods, selecting 
different features, or conducting further data analysis. 
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Virtual Sensing deployment 

Having a trained model that can estimate the pollutants in 
a given position is not enough for using a virtual sensor in 
a practical case. Virtual sensors for IAQ monitoring need 
to be understood as standalone systems and behave 
similarly to low-cost sensors. A system architecture is 
necessary to deploy virtual sensors in a scalable manner 
(Merino et al., 2023; Martin et al., 2021; Leidinger et al., 
2014; Zaidan et al., 2020).  
Any type of virtual sensor needs evaluation (Goodwin, 
2000), but more importantly when it comes to IAQ 
monitoring since they are aimed to monitor pollutants that 
can affect human health. Virtual sensors need long-term 
calibration (Koo & Yoon, 2022) since their accuracy can 
decrease because of various uncertainties in the system 
operation and virtual sensor model. 

Case study application and Discussion 

This section describes the application of the data 
collection, training, and deployment process for virtual 
sensors. Results of implementation are discussed 
including the identification of the challenges faced and 
adaptations made to the process.  

Sensor deployment implementation 

The literature on air quality in additive manufacturing 
environments guided the selection of sensors. The 
materials used in the 3D printers are PLA and ABS, which 
emit PM and diverse species of VOC (Steinle, 2016). The 
virtual sensor designed focuses on PM. Low-cost sensors 
available in the market to monitor these two variables are 
based on the light-scattering principle for PM. Sensors 
from two manufacturers are used: M1 can measure 
PM1.0, PM2.5, and PM10, and M2 can monitor PM1.0, 
PM2.5, PM10, tVOC, Temperature, Humidity, CO2, and 
Ozone. 
Sensors were calibrated using the median approach. 
While other authors installed sensors in their final position 
to collect data for median calibration, sensors were 
collocated in stacks in the same center of the desk inside 
of the cabinet and shuffled once during the calibration 
data collection. This deviation from the literature moved 
the calibration step before the sensor positioning in the 
process. Median was calculated across all sensors and 
selected as a general calibration law. A data pre-
processing module was added to the data pipeline to 
locally adjust the differences between each sensor signal 
and the median. Additionally, a sensor drift analyzer was 
set up to identify and correct potential sensor drifts due to 
aging. Calibration was performed per manufacturer.  
The positions of the sensors are determined by the 
positions of the 3D printers in the cabinet. There are four 
3D positions for the 3D printers evenly distributed along 
the Y axis (200 cm long) in the cabinet, centered at 25 cm, 
75 cm, 125cm and 175cm. The purpose of devised virtual 
sensors is to estimate distribution of pollutants within the 
cabinet, therefore, the sensors (four M1, and fifteen M2) 
were evenly distributed in the cabinet.  

Data collection implementation 

Temperature, Humidity, and PM1.0 from all sensor 
locations are considered. Temperature and humidity have 
an impact and Particulate matter sensors, respectively and 
can help to identify seasonal bias. 
The following experiment variables were selected: 
extraction of the cabinet (i.e., can be on/off, when it is on, 
it always extracts air at the same speed); windows opened 
(i.e., whether it is planned to open any window during the 
experiment, monitored by open closed sensors); printer 
positions in operation (i.e., takes the form of an array of 
Booleans, e.g., [1, 1, 0, 0] means that only printers in 
positions 1 and 2 are printing); material (i.e., type of 
material used throughout the printing, either PLA or ABS 
from the same manufacturer and model in all the 
experiments); and nozzle temperature. The experiments 
consisted of permutations of the variables. For example, 
experiment 1 included extraction off, windows closed, 
and 3D printer in position 1 printing a geometry using 
ABS for one hour. Before each experiment, the air inside 
the cabinet is exchanged for at least one hour. 
Experiments with the same conditions (i.e., variable 
setups) were repeated at least three times. 
The baselines of PM1.0 in all sensor locations were 
identified over a period of 7 hours under non-printing 
conditions by repeating the experiment with windows 
open and closed, extraction on and off. For instance, 
Figure 3 depicts two baselines identified for PM1.0 in the 
target location (i.e., the sliding window used to access the 
printed geometries): Extraction Off and door closed (400-
420 ppm), and extraction on/windows opened (380-400 
ppm). This enabled a baseline correction reference for 
each sensor parameter in data.  

Figure 3. PM1.0 baseline identification in target location 

Among the permutation of experiment variables under 
printing conditions, Figure 4 depicts the experiments for 
position 1 printer printing with PLA over a period of 
1h:30’. Some conclusions of this plot are that extraction 
is confirmed to help with the clearance of the cabinet, both 
in concentration of PM and time for the concentration to 
decrease back to baseline after the end of the experiments. 

Figure 4. PM1.0 in target location under printing conditions 
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Having two different sensor manufacturers required 
repeating the analysis for repeated parameters. Sensors 
M1 were more reactive to changes in PM concentration 
than M2. Cross-manufacturer comparisons are required. 
Data collection is an iterative and cyclical process even 
with planning. Furthermore, some data collection 
impacted the selection of more sensors of Manufacturer 
M1 as well as the position (together with sensors M2).  

Virtual sensing design implementation 

Several models were selected both linear (e.g., lasso, 
elastic networks, Bayesian) and machine learning (e.g., 
boosted trees). Linear regression models have fair 
accuracy when supported by online measurements from 
hardware sensors (Stefaniak et al., 2021), whereas 
boosted trees have been used to estimate PM in (Koo & 
Yoon, 2022). A simple case is to remove the time variable 
of the series and estimate individual values based on the 
measurements of the reference low-cost hardware sensor 
in the same space, for which all linear models performed 
(Merino et al., 2023). This model lacks the capability of 
identifying trends since it is not based on time-series 
estimation. 
Features selected for PM estimation are measurements of 
the same PM size from surrounding hardware sensors. For 
the simple case, the correlation between each of the PM 
variables (i.e., PM1.0, PM2.5, and PM10) is enough to 
train linear models when estimating single values. Thus, 
to estimate PM1.0 in sensor a target position, PM1.0 
readings from all positions but the target are selected. This 
decision is in line with the purpose of the virtual sensor, 
to serve as a backup for and potentially replace the target 
low-cost sensor location (i.e., by the sliding door). 
3D printer logs and low-cost hardware sensors required 
timestamp synchronization to compensate for the skew 
derived from internal clock drifts and different time server 
setups of the sensor and 3D printer platforms. 
Additionally, outliers identified (e.g., sudden jumps in 
raw signal or subsequent out-of-range measurements due 
to malfunction of PM and VOC sensors) are removed if 
the value is beyond two standard deviations. Uncontrolled 
data is discarded for the purposes of the virtual sensor. 
Finally, a Savitzky-Golay filter (Savitzky & Golay, 1964) 
was applied to smooth the curves. For the simplest case of 
the single-value estimations based on surrounding 
sensors, the time dimension is removed. Since the signals 
are previously synchronized that results into a set of arrays 
with values for each sensor position at a given time. 
Models trained take the PM filtered and untimed arrays 
and having partitioned them into 80% training and 20% 
testing segmented sub-sets. Linear models R2 scores 
reached 0.826 for Lasso, 0.826 for Elastic Networks, and 
0.826 for Bayesian ridge for the simple approach. Non-
linear approach using temperature and/or humidity as 
supporting estimators for both PM could not reach a 
significant R2 score to be considered good estimators in a 
practical case, potentially due to the transformation into 
single-value estimation rather than time-series estimation, 

which enable trend identification and more accurate 
regression. Trained models can estimate the pollutant 
concentration in a specific point where the original low-
cost sensor was positioned, therefore, they can be used to 
virtualize. 

Virtual sensing deployment 

The architecture published in (Merino et al., 2023) was 
designed to streamline virtual sensors training and 
operation. The architecture modularizes the process to 
facilitate data collection, preprocessing, training, model 
storage and loading, virtual sensor execution, and 
recalibration. In the simple approach for estimating PM 
based on surrounding sensors signals, the evaluation 
consisted in comparing the signal from the virtual sensor 
against the original sensor used to train the model after a 
period of dual operation (i.e., both the virtual sensor and 
the low-cost hardware sensor measuring PM values for a 
period of two weeks before replacing the hardware 
sensor).  
The need for recalibration of virtual sensors can be 
identified by deploying a hardware sensor again in the 
original position. In a practical democratized additive 
manufacturing environment, or any other indoor building 
operation, hardware sensor may not always be available 
for recalibration, therefore, other approaches like (Koo & 
Yoon, 2022) may be more suitable. 

Conclusions 

Indoor air quality monitoring in democratized additive 
manufacturing environments is still not sufficiently 
explored. Virtual sensing approaches have demonstrated 
good performance for outdoors air quality and indoor 
comfort and pose a good opportunity to improve the 
awareness and control of hazardous pollutants. Beyond 
increasing awareness of emissions indoors at an 
affordable price, virtual sensors have the potential of 
informing ventilation systems operation to ensure 
operators safety while minimising building energy 
management. Virtual sensors can help understanding 
spatiotemporal distribution of emissions and emission 
flow into the rest of the built environment (e.g., adjacent 
offices, classrooms, or even bedrooms at home). 
Furthermore, IAQ monitoring can have the potential to 
inform on materials and design of indoor spaces as well 
as maintenance during the operation phase of the built 
environment (Abdalla & Peng, 2021).  
This paper proposes a standard process for data collection 
and development of indoor air quality using virtual 
sensors in a practical democratized additive 
manufacturing environment, resulting of the analysis of 
the literature and the adaptations after the implementation 
in a practical democratized additive manufacturing 
environment. A simple example of a virtual sensor is 
explained throughout the implementation. The aim of the 
process is to facilitate the entry barrier to this technology 
to ad-hoc democratized manufacturing spaces, answering 
the research question. Additionally, the process should 
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also address a second research question in the next 
iteration, on how to overcome lack of trust in low-cost 
monitoring and consequently in virtual sensing. 
Evaluation and calibration approaches should be 
investigated further to answer this question. 
This process needs to be implemented in a set of case 
studies in similar democratized manufacturing spaces to 
test its validity and find adjustments. Additionally, a 
replication of this study in other democratized 
manufacturing environments would be beneficial for the 
confirmation of findings and to discover the casuistic 
across different setups and additive manufacturing 
technologies. Another limitation of this study is within the 
fact that indoor environments suffer from pollution from 
non-characterizable sources like outdoors pollution from 
construction sites or traffic. Case studies identified to 
complement this work in this direction and to ensure full 
transferability to the built environment context include 
domains like accommodation, offices, hospitals, 
universities, and public transport stations. 
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1EMPA, Dübendorf, Switzerland
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Abstract
Insufficient as-built data hinders the transition of the ar-
chitecture, engineering and construction (AEC) sector to
a circular system. Combining reality capture and machine
learning (ML) could help better detect reusable compo-
nents. However, a comprehensive image dataset of on-site
inventory for circular economy strategies has yet to be
developed. This study introduces and describes the gen-
eration of a purpose-built, 360°dataset. Initial validation
using the YOLOv8 object detection model demonstrates a
63.4% mean average precision (mAP50), making it viable
for computer vision. Further exploration of automating
building stock inventory using 360-degree images and
ML for urban mining is needed.

Introduction
The architecture, engineering and construction (AEC) in-
dustry must change from a linear to a circular system to
minimize its harmful impact and meet climate targets.
Reusing resources is a key circularity strategy for reduc-
ing waste (European Council and European Parliament,
2008). In the built environment, this strategy implies the
non-destructive recovery and reuse of building compo-
nents according to their original purpose without a loss in
their value (Hillebrandt et al., 2018). The extensive reuse
of building components is currently challenged by the lack
of sufficient data about material and substance compo-
sition and the as-built condition of the existing building
stock (Çetin et al., 2021; Iacovidou et al., 2018; Uotila
et al., 2021).
Urban mining projects need detailed (digital) information
on their composition and dimensions to reuse and recycle
building resources efficiently (Çetin et al., 2021; Honic
et al., 2019; Uotila et al., 2021). This as-built data needs
to be generated in advance, typically using reality-capture
techniques such as light detection and ranging (Lidar)
(Gordon et al., 2023; Xiong et al., 2022), 360°cameras
(Gordon et al., 2023), and public digital imaging mining
using Google Streetview (Raghu et al., 2023). Digital data
for information extraction is typically processed further
using photogrammetry for extracting dimensions (Gordon
et al., 2023; Xiong et al., 2022) and machine learning (ML)
for determining the material composition of the building
stock (Raghu et al., 2023).
Among reality-capturing technologies, 360°cameras
proved to be the most viable technology for capturing reli-
able information for deconstruction purposes in a compar-

ative case study, because of their high accuracy and low
noise (Gordon et al., 2023). Panoramic images have advan-
tages over planar photos because of their comprehensive
view of spaces, device cost-effectiveness, and quick data
capture (Barazzetti et al., 2018; Gordon et al., 2023; Chou
et al., 2020). Furthermore, 360°images are increasingly
used for quick image analyses in computer vision applica-
tions (Barazzetti et al., 2018; Gordon et al., 2023; Chou
et al., 2020). However, computer vision and 360°images
have yet to be combined for circularity strategies.
This research examines whether combining building in-
ventory using 360 °cameras with ML can be used to detect
reusable building components. Yet since ML applica-
tions are only as good as the training data on which they
are trained (Géron, 2023), the quality of the dataset is
paramount. The relevance of training data can be defined
as the extent to which it aligns with the data that the model
is likely to encounter in the production phase (Witt, 2023).
This concerns what is depicted and how it is annotated.
The quality of the dataset refers to aspects influencing the
generalization capabilities of a model to unseen data. The
generated dataset should be suitable for the application in
terms of representativeness, image quality, dataset size,
and variance (Géron, 2023). For the envisaged ML ap-
plication, a real-world dataset that simulates a survey of
end-of-life (EoL) scenarios is necessary.
However, in a preliminary field study we found that ex-
isting panoramic datasets of buildings are not suitable for
the above application for the following reasons: they are
either synthetically generated, they are a compilation of
different scenarios without any repetition, they are limited
to specific parts of buildings (e.g., the façade), they are
too homogeneous in quality to be captured on-site, or they
have only very broad labels (e.g., doors are not subdivided
by function into entrance doors, emergency exits, or room
doors)
Therefore, our study takes a first step towards using
360°panoramic images in reusability assessment by gener-
ating and validating a 360°image dataset in a case study on
the Technical University of Dresden (TU Dresden) cam-
pus. The custom dataset (“TUDataset”) is preliminarily
validated using the state-of-the-art YOLOv8 object detec-
tion model to identify building components. The valida-
tion explores whether the data collected during an on-site
audit is qualitatively sufficient for object detection appli-
cations. It also explores the differentiation of component
types within a component category. In so doing, this
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Figure 1: Research design of this study.

study gives valuable insights into the process of generat-
ing suitable 360°image datasets for building component
reuse by discussing the chosen approach, potential for im-
provement, and next steps toward a full data-capturing ML
pipeline.

Structure of the paper
The paper is structured according to the Figure 1. First, the
following section describes the representative case study
for EoL situations. It defines the data collection locations
and the objects (i.e., the reusable building components)
to be detected by the ML application. Second, the sec-
tion “Dataset Generation” presents the approach and the
image capture process to showcase how a 360°dataset can
be created, and describes image processing for the spe-
cific use case of component reuse detection. Third, the
“Dataset Validation” section describes how the approach
is validated for computer vision. Experiments with the
YOLOv8 object detection model verify the suitability of
the dataset generation approach for the desired purpose of
detecting reuse components. The methodology steps are
presented in greater detail in the respective sections. Fi-
nally, the discussion reviews the contributions and further
research steps toward a full pipeline of 360°image dataset
creation for ML-based reuse detection.

Case Study Selection
As described in the introduction, the case study determines
the relevance of the dataset for future input data from EoL
buildings. The EoL refers to the final phase of a building’s
existence (after the production and use phase) in its cur-
rent form (Hillebrandt et al., 2018). For this study, the case
of ”Technical University of Dresden (TU Dresden) cam-
pus” was chosen. It was designed to mirror urban mining
projects by encompassing the entire building premises and
emphasizing the frequent repetition of diverse building
component designs within structures. It consists of five
buildings on the TU Dresden campus that were selected
according to the following considerations: around 32%
of the residential and nonresidential buildings demolished
in 2022 were built before 1948, 53% between 1949 and
1986, and only 14% between 1987 and 2010 (Statistisches
Bundesamt, 2023). Accordingly, the case study was lim-
ited to the buildings on campus built between 1906 and
1990: two modern buildings, as well as three buildings of
reform architecture from the early 20th century (see Table
1). Different EoL situations are presented: while the Beyer
Building is partially gutted and currently unused, the Fritz-
F¨

orster building is only partially in use due to renovation.
The Nürnberger Ei and the Schumann building are contain

operating offices and equipment (and, therefore, more data
clutter).
Finally, only publicly accessible buildings were consid-
ered to comply with privacy compliance for publishing.
Accordingly, the building was inventoried outside of busi-
ness hours. People were asked to leave the field of view,
and images with recognizable faces were removed during
data cleaning.

Dataset Generation
While the relevance of the data was ensured in the design
of the case study, the dataset quality (see Introduction) is
addressed in the dataset generation process.

Data collection
A total of 1112 relevant images were captured for the case
study (see 1). The data was generated from scratch using
the specialized OpenExperience 360°camera helmet (Fig-
ure 2). The helmet has two installed 180°cameras, whose
individual images are seamlessly merged into a spherical
or panoramic view by a stitching algorithm. Capturing
images in an onsite audit using a conventional 360°camera
ensures that the data represents the expected input data.
The final ML application is expected to generalize to input
data collected under similar technical conditions.
The equirectangular projection (ERP) on a two-
dimensional pane was used for the dataset. The ERP of the
images has a resolution of 7000 × 3500 pixels, a horizontal
and vertical resolution of 96 dpi, and a bit depth of 24 (see
Figure 3). To address image variance deficiency observed
in existing datasets, the data was captured at different times
of the day and under varying weather conditions, resulting
in different lighting and shading conditions. Furthermore,
the images were taken without a fixed object distance, of-
ten capturing the same room from different positions and
a person’s viewpoint, generating a variance in the object’s

Figure 2: DIGIBAU 360°helmet camera used in this study.
Source: (OpenExperience, 2023).
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Table 1: Data generation protocol on TU Dresden campus

Generation
Date

Building Location Construction/
Renovation Year

#Images

30.03.2023 Fritz-Foerster-Bau Mommsenstraße 6, 1069 Dresden 1926/2022 280

30.03.2023 Nürnberger Ei Nürnberger Straße 31a, 01187 Dresden 1996 37

31.03.2023 Georg-Schumann-Bau Münchner Platz 3, 01187 Dresden 1906 369

31.03.2023 Haus 116 August-Bebel-Straße 30, 01219 Dresden 1970/2013 159

14.04.2023 Beyer-Bau George-Bähr-Straße 1, 01069 Dresden 1913 277

1122

Figure 3: Unprocessed ERP image included in the TUDataset.

appearance, scale, and occlusion. Finally, the strongly
varied resolution of the images resulted in different repre-
sentations of the same object.

Dataset Preparation
The generated raw data was prepared using the Roboflow1

online tool through data cleaning, annotation, set partition,
and pre-processing and augmentation further described
below.

Data Cleaning
In object detection, images or videos are used as inputs,
and the features are extracted from the information in the
pixels. The selected YOLO (You Only Look Once) model
employs a feature extraction method that does not require
the prior definition and cleaning of features. Therefore,
the data cleaning was limited to eliminating duplicates
and excluding low-quality and blurred images.

Data annotation
Object detection is a supervised machine learning appli-
cation that requires a fully labeled dataset for the training.
What is recognized and the granularity of differentiation
is determined in the annotation process.
The EU policy fails to provide regulations and prerequi-
sites for the reuse of components without prior (destruc-
tive) testing. Thus, to determine what could be reused
within the case study, a field search including online reused

1https://roboflow.com/

Table 2: Selection criteria for component identification.

Criteria Description

Relevance
in practice

The building components should be
found in large quantities in every
building.

Post-
processing

The component should be reusable
per default, with little refurbishment
and no testing needed.

Typology The components should have standard
features, but different configurations.
Shapes and colors should differ

Indoor The availability of data demands a re-
striction to indoor components.

material marketplaces (Concular, Restado. Bauteilnetz,
Ebay Kleinanzeigen, SALZA, and Bauteilclick), practice
reports, and guidelines was conducted to identify building
components categories with assumed general or ”default”
reuse potential.
Because this study is a proof-of-concept, the scope of the
object detection model was set to recognize only a selec-
tion of reusable components. To fit the ML requirements
on representativeness, quantity, and variance, the selec-
tion criteria in Table 2 were developed. Out of the pool
of default reuse components, five categories adhere to the
established selection criteria: doors, windows, radiators,
sanitary objects, and lights. These component categories
are considered reusable without further destructive testing.
They present a large intra-class variation (e.g., many differ-
ent types of windows) and were captured in large numbers
in the case study.
The next step determines the granularity of differentiation
within the selected component categories. Existing indoor
datasets, such as the PanoContext Zhang et al. (2014),
Indoor360 Chou et al. (2020) etc., differentiate only in
rough component categories, such as doors and windows.
However, function, material, and design are decisive for
component reuse. The selected reusable component cat-
egories, ”windows, doors, sanitary objects, and electrical
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Figure 4: Categorization of reusable component selection according to DIN276.

Figure 5: Each image label has a different bounding box
indicating different component types.

installation”, needed further differentiation to meet these
requirements.
This study used the German AEC sector’s building
cost structure of the national standard DIN 276:2018-12
(Deutsches Institut für Normung, 2018) as a reference for
the annotation. The component selection (windows, doors,
plumbing, lights, and heating) was further differentiated
into cost groups according to their associated building
structure and function within the building or system, as
seen in Figure 4. Categorization by cost group will not
only standardize the work in different projects by refer-
ence to a public standard, but it could also allow for rapid
cost determination for selective reconstruction.
In the annotation, the selected reusable component cate-
gories were set as super-categories, and the different cost
groups were set as component classes. Furthermore, the
component types were differentiated within these classes
according to the material and design. For example, if the
frame materials differed, two external glass doors with the
same design would belong to different types. Hence, the
labeling was structured according to component category,
class (e.g., exterior door), and type (e.g., type 21). This
resulted in 136 labels, ergo, different component types.

Dataset Partition
This study employed hold-out validation. It is an eval-
uation technique in which the dataset is split into three

subsets: training, validation and test set. The training set
is used to fit the models, the validation set is used to esti-
mate the prediction error for model selection, and the test
set is used to assess the generalization error of the final
model configuration. The test data set is ”held-out” and
only used once, as reusing it can result in a substantial
underestimation of the true test error. The TUDataset im-
ages were therefore divided into 70% training (792), 20%
validation (226), and 10% testing (116) images.

Data pre-processing and augmentation
Applying pre-processing techniques to the training, vali-
dation, and testing sets ensures that the machine learning
model learns and infers based on consistent image proper-
ties. Inference refers to the process of generating predic-
tions.
First, the images were auto-orientated, removing the EXIF
(Exchangeable Image File Format) data from images to
ensure that they are displayed in the same manner as they
are stored on the disk. Then, the image size was stretched
to 640 × 640 pixels. Finally, the last step consists of data
augmentation or training set expansion. This technique ar-
tificially increases the training set size and is a regulariza-
tion method, reducing overfitting. To improve the model’s
tolerance to position, orientation, and size changes, the
augmented instances should be as realistic as possible and
ideally be indistinguishable from non-augmented instances
by the human eye. Following Zhao et al. (2021), several
augmentation techniques considering the particularity of
the equirectangular projections were applied to the training
and validation sets: the images were flipped horizontally
and sheared ± 15°horizontally and ± 15°vertically both
on the image level and bounding box level (see Figure 7).
The outputs per training sample were set to 3, creating
three altered images for every instance and resulting in a
final dataset size of 2718 (3 × 792) images.

Dataset Validation
After generating the dataset, the suitability of the on-
site 360°images for computer vision methods, and con-

545



(a) Scaling (b) Horizontal flipping

(c) Image level shearing
(+15°horizontally,

+15°vertically)

(d) Image level shearing
(15°horizontally,
-15°vertically)

(e) Image level shearing
(-15°horizontally,

+15°vertically)

(f) Image level shearing
(-15°horizontally,

-15°vertically)

Figure 7: Different Augmentation Techniques

sequently for ML-aided reusability assessment, was vali-
dated using an object detection model.
The use of 360°images poses specific challenges for ob-
ject detection. The projection of the spherical image to
a plane distorts the objects depending on their distance
and angle to the camera viewpoint. Integrating optimized
distortion-aware convolution layers could handle these ge-
ometric deformations (Li et al., 2023). However, for the
purpose of this proof-of-concept study, the conventional
state-of-the-art object detection model YOLO (Redmon
et al., 2016) was deemed appropriate. Different versions

of this one-stage-detector have already been applied in the
field of object detection in 360°images (Chou et al., 2020;
Yang et al., 2018), as well as being frequently used as a
benchmark model (e.g. in Zhao et al. (2019, 2020)). Due
to constraints on Graphics Processing Unit (GPU) capac-
ity, the Yolov8s model pre-trained on the COCO dataset
(Lin et al., 2014) was selected.

Model Training
This study adopted an iterative training and validation pro-
cess proposed by Géron (2023): the training configurations
were tweaked based on the performance on an indepen-
dent validation set to avoid overfitting, wherein a model
becomes excessively optimized for the test set and fails
to generalize to novel data. The model was evaluated on
the test set only after selecting a final configuration. This
iterative strategy is simplified in Figure 6. The training
runs, and their validation and final testing were locally
implemented in PyTorch using an NVIDIA RTX A4000
GPU.
The training process for the YOLOv8 model aims to min-
imize the training and generalization errors. In each run,
the cost or loss function compares the predicted bound-
ing box outputs with the actual outputs on the training set
(training loss) and the validation set (validation loss). The
generalization error is calculated as the difference between
validation and training losses and is a key metric indicating
the model’s ability to perform well on new, unseen data.
The model’s training performance, speed, and accuracy
depend on using various hyperparameters and configura-
tions that need manual configuration. This study adopted
the validation approach proposed by Smith (2018) that ex-
amines the learning rate, batch size, momentum, weight
decay, cyclical learning rates (cosine learning rate sched-
uler), and cyclical momentum. Accordingly, training and
validation loss are analyzed during training to detect in-
dications of underfitting and overfitting and determine the
optimal combination of hyperparameters.
An initial configuration was used as a benchmark to ad-
just the training arguments, i.e., learning rate, batch size,
momentum, weight decay, cyclical learning rates (cosine
learning rate scheduler), and cyclical momentum. Nine
configurations were trained and validated. The models
were assessed by their mean average precision (mAP),
precision, recall, and F1 score. A final configuration with
the following hyperparameters was selected: a learning
rate of 0.0007, weight decay of 0.001, the use of a cosine
annealing learning rate scheduler, dropout regularization,
and the Adam optimization algorithm.

Figure 6: The applied iterative model training approach.
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Figure 8: The model output with colored bounding boxes
according to their label and superscribed with the confidence of

the selected label.

Model Test
Finally, the chosen model configuration is tested on the
hold-out test set, and its metrics are evaluated. The test
run was performed on the test subset of 116 images and 975
instances. An example of the model’s output in the test run
can be seen in Figure 8. The model achieved an mAP at
an intersection over union (IoU) threshold of 0.5 (mAP50)
of 0.634, indicating a satisfactory overall performance in
correctly detecting and localizing objects (see Table 3).
Furthermore, precision and recall have higher values than
in the validation (see Figure 9). The PR curve reveals
that a significant number of class labels exhibit a compar-
atively high PR score, indicated by the curves above the
blue average PR score line, and a subset of classes with
considerably inferior PR curves. This combination leads
to an overall mAP@50 of 63.4% for all classes.
It indicates a model demonstrating relatively high preci-
sion at the beginning and overall good performance in
precision and recall trade-off. In the class-wise evalua-
tion of the model, in the worst-performing classes, zero
instances were detected, resulting in low precision, recall,
and mAP scores. This indicates that the model does not
effectively detect and localize instances of these classes.
These classes may have visual attributes that are difficult
for the model to distinguish, leading to recognition errors.
Furthermore, insufficient training data for these classes

Table 3: Test set performance metrics.
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Figure 9: Performance metrics of the test run.

could also contribute to poor performance, as the model is
not sufficiently exposed to different examples for effective
learning.

The diagonal in the confusion matrix (Figure 10) suggests
that most classes are confidently predicted. However, the
outliers indicate that some classes are incorrectly assigned
to another specific class with high confidence. This can
be recognized by a single point in a row and the coloring
of the point in the graph. For these classes, more images
or higher quality images are needed so that the model ex-
tracts features that lead to differentiation from the other
component types more efficiently. Certain classes, such as
class 135 (window-interior-type8) and class 136 (window-
interior-type9), lack fundamental distinguishing features,
which is visible in the erroneous assignment to very dif-
ferent component types (doors, lights, windows).

Figure 10: Normalized confusion matrix in test-run.
Class IDs 1–52 = door types, 53–59 = lights,

60–64 = sanitary objects, 65–136 = window types.
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Discussion
The implemented YOLOv8 object detection model shows
that satisfactory accuracy can be achieved using conven-
tional object detection models on equirectangular projec-
tions for differentiating component types within a class.
The test metrics indicate effective assignment to building
component categories (see Fig. 4), with most errors oc-
curring in differentiating component types within the same
component class. For instance, misclassified windows are
mostly labeled as another window type rather than a dif-
ferent class, like doors or lamps. The model’s overall
performance indicates that the differentiation into differ-
ent component types needed for the reusability assessment
is possible. However, refining misclassifications, minimiz-
ing false positives and negatives, and augmenting training
data for complex classes would improve its accuracy in
recognizing component types.
A limitation of this study is the component-level annota-
tion, which is time-consuming and, thus far, only includes
component types from the case study. Using the object de-
tection model trained on the TUDataset for other buildings
will face challenges in detecting new building component
types. Therefore, for subsequent research, the dataset an-
notation will be edited to be broader by eliminating further
typification according to design and material. Only the cat-
egories of the DIN276 (see Figure 4 should be considered:
e.g., exterior windows, skylights, dome lights, exterior
doors (entrance, emergency), interior doors (room doors,
WC doors), toilets, sinks, radiators (vertical, horizontal),
lights (fixed luminaires), and safety lights. Combining ex-
isting labels into broader ones will introduce further intra-
class variation, promising a better generalizing model and
ensuring applicability to new buildings and EoL situations.
While a simplified annotation process is considered to fa-
cilitate the up-scaling of the proposed approach to further
building inventories, future studies to assess and validate
scalability to other building contexts and larger datasets
are needed.
This study aimed to detect the component category and
type. However, more as-built information, such as the
components’ dimensions, material, and condition, should
be extracted for reuse assessment. Therefore, photogram-
metry and further feature extraction will be explored in
upcoming research.
Furthermore, this study only used the object detection
model to validate the approach. Further research will focus
on the functionality and performance of the model. Dif-
ferent established object detection models should be com-
pared in terms of robustness in dealing with large datasets
and detection performance for the final model selection.
Furthermore, various approaches integrating spherical lay-
ers into convolutional neural networks have been proposed
in research (Cohen et al., 2018; Li et al., 2023; Zhao et al.,
2019). Considering these additional models is promising
for effectively addressing the distortions in ERP images
and potentially improving the detection performance.
Finally, some limitations stem from the case study selec-

tion. First, resource constraints required a limitation on the
included architectural styles, potentially compromising the
generalizability of the results to buildings from different
eras. Therefore, the selection criteria should be reviewed
to integrate diversity of architectural styles and building
functionalities, and the TUDataset should be continuously
adapted to represent the variety of existing building stock.
Second, the selection of component categories examined in
this research represents only a small subset, and a broader
range of non-destructive, non-toxic component categories
could potentially be reintegrated into a circular economy.
Third, it is based on the assumption that all areas and
spaces within a building are accessible. Consequently,
only the components captured by the camera can be iden-
tified. Therefore, the data introduces uncertainties in the
number of components similar to those in traditional on-
site inspections and component identification processes.

Conclusion
The main contribution of this research is the introduction of
an approach to generate well-suited 360°image datasets for
circular component reuse. The selected case study, cen-
tered around five buildings on the TU Dresden campus,
served as a representative scenario for end-of-life sites.
The dataset generation process involved using a special-
ized OpenExperience 360°camera helmet, capturing 1112
relevant images at different times of the day and under
varying weather conditions. Data preparation, including
cleaning, annotation, set partition, and pre-processing, was
conducted to ensure the technical and relevance require-
ments of datasets.
The resulting fully-labeled TUDataset consists of approx-
imately 2,400 panoramic images in equirectangular pro-
jection and 136 object classes, facilitating research and
practical applications in object detection. Data quality and
relevance requirements were addressed in the case study’s
design and during the dataset generation process. The
YOLOv8 object detection model validated the real-world
dataset, achieving a mAP50 of 0.634 on the test set.
The workflow developed in this research can be extended to
other reusable building components, thereby contributing
to developing new cost-effective and scalable approaches
for building component recovery. Exploiting machine
learning and 360°images for the inventory and reuse as-
sessment could save time and costs, making circular strate-
gies more competitive.
Overall, this study demonstrates that 360°images gener-
ated on site are suitable for effectively detecting differ-
ent building component classes (windows, doors, sanitary,
lamps, radiators), and provides the foundation for the next
steps toward automated reusable component detection.
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Abstract 

Our paper introduces a new benchmark for evaluating 
indoor residential buildings, addressing the lack of 
standardization in building assessment methods. Utilizing 
laser-scanned point clouds, we capture diverse 
architectural styles, enhancing accuracy in maintenance, 
navigation, and safety planning. Our approach, 
underpinned by precise reference models and metrics, 
allows for comprehensive method comparisons. The 
accompanying datasets ensure reproducibility and wide 
applicability. This benchmark, available publicly, fosters 
collaborative research and advances building assessment 
techniques, ultimately improving the resilience and 
sustainability of residential structures. 

Introduction 

In the domain of building assessment, understanding, and 
analyzing indoor residential environments is crucial. 
These environments, central to daily human experiences, 
are characterized by a myriad of spatial and topological 
complexities (Zhang et al., 2022).  
Accurate spatial analysis is vital for effective space 
management, enhancing living comfort and functionality, 
while topological assessment is crucial for efficient 
navigation, particularly in emergencies, to ensure safety 
and accessibility. The point cloud technology marks a 
significant leap in accurately representing these 
environments. With its ability to provide precise 3D 
representations, point cloud offers an unprecedented level 
of detail and accuracy(Cheng et al., 2018).  This 
advancement has facilitated more realistic modeling of 
indoor environments, impacting fields ranging from 
architectural design to emergency planning (Gankhuyag 
and Han, 2020; Guo et al., 2021). 
Despite its importance, the field of building assessment 
faces significant challenges, primarily due to a lack of 
comprehensive and precise benchmarks specifically 
tailored for residential buildings. Existing methods and 
datasets often fall short in capturing the unique 
complexities and diversity inherent in residential 
environments (Chen et al., 2023). This gap in accurate and 
scalable representation and assessment tools hinders 
advancements in architectural design, maintenance, and 
safety planning, ultimately impacting the efficacy of 
residential space utilization. 
Our research addresses this critical gap by introducing a 
novel benchmark for the topological and spatial 

assessment of indoor residential buildings. Utilizing 
advanced laser-scanned point cloud datasets, this 
benchmark is meticulously crafted to capture diverse 
architectural styles and layouts of residential 
environments. The primary objective is to provide a 
robust and versatile tool that enhances the accuracy and 
comprehensiveness of building assessments, thereby 
facilitating effective maintenance, navigation, and safety 
planning in residential spaces. 
In developing this benchmark, we employed a 
multifaceted approach that integrates various scanning 
technologies and environmental conditions. This 
approach ensures a broad and realistic representation of 
residential spaces, reflecting the complexities 
encountered in real-world scenarios. The benchmark's 
methodology emphasizes the precision, accuracy, and 
chromatic fidelity of the point cloud data, making it a 
highly reliable resource for evaluating building 
assessment methodologies. 
Our primary goal is to bridge the existing research gap by 
offering a new database and robust evaluation metrics. 
This benchmark, featuring diverse point cloud data, is 
designed to advance algorithms tailored for residential 
settings, contributing to more efficient and accurate 
building maintenance, safety planning, and architectural 
design, ultimately enriching residential living spaces. 
This paper is structured as follows: Section 2 provides a 
detailed review of related work addressing the study 
foundation. Section 3 discusses the benchmark setup, 
from data acquisition to evaluation. Finally, Section 4 
concludes the paper, summarizing our contributions and 
suggesting directions for future research. 

Point of Departure 

In this section, we discuss existing datasets and 
benchmarks in the field of residential indoor building 
assessment, specially from laser scanning. This frames 
our study within the broader landscape of architectural 
technology and highlights the value of our research focus. 
In the exploration of indoor datasets, various collections 
have emerged, each with unique attributes and limitations. 
ISPRS dataset (Khoshelham et al., 2017) emerges as a 
notable collection, focusing on indoor modeling through 
point clouds, while rich in indoor point cloud data from 
varied environments like universities and a fire brigade 
office, presents certain limitations for our research 
focused on residential environments. The dataset’s 
emphasis on institutional settings differs markedly from 
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the complexities inherent in residential spaces, making it 
less applicable for studies centered on residential layouts. 
Similarly, the ScanNet dataset (Dai et al., 2017) and the 
SceneNN dataset (Cheng, Meng and Sun, 2020) have 
made strides in capturing a range of indoor scenes. 
However, most of their scans are constrained to one or two 
rooms. This limitation significantly hinders their 
applicability in the domain of scalability, where a broader 
understanding of entire residential units is essential.  
The ETH3D dataset [13], for instance, includes a modest 
collection of 16 indoor scans. While valuable for multi-
view stereo applications, its limited scope and primary 
focus on stereo rather than 3D point-cloud processing 
render it less suitable for our scope. Contrasting with real-
world data, the SUNCG dataset (Song et al., 2017) offers 
a synthetic alternative, presenting a wide array of indoor 
scenes with CAD-quality geometry and annotations. 
However, the synthetic nature of SUNCG means it cannot 
fully capture the complexity and unpredictability of real-
world residential settings, a crucial element for authentic 
floorplan generation. 
Diverging from these, Floor-SP (Chen et al., 2019) and 
Matterport3D (Yadav et al., 2022) bring RGBD image 
sets. Matterport3D dataset brings forth high-quality 
panorama RGBD image sets encompassing 90 luxurious 
houses. While offering rich visual data, its format and 
focus do not align with the specific needs of laser 
scanning. In a similar vein, the Stanford 2D-3D-S dataset 
(Armeni et al., 2016) provides large-scale scans of office 
spaces using the same Matterport camera technology. 
Despite its scale, the dataset’s emphasis on 2D and 3D 
semantic annotations does not address the nuanced 
requirements of residential environments. 
Among these, the Floor-NET dataset (Liu, Wu and 
Furukawa, 2018) stands out with its provision of full 
floorplan annotations and corresponding RGBD videos 
from smartphones for 155 residential units. Despite its 
closer alignment with residential applications, its format 
and the mode of data collection may pose challenges in 
scalability and accuracy when applied to broader 
residential scenarios. In addition to these datasets, 
numerous ad-hoc datasets have been developed (Fang et 

al., 2021; Tang et al., 2022; Kim and Lee, 2023), each 
tailored to specific tasks or applications. While these 
datasets contribute valuable insights to their respective 
areas, their specialized nature often limits their utility in a 
broader context, particularly in studies focused on 
scalability and general applicability in residential 
environments. 
This examination of various indoor datasets underscores 
a prevalent issue: while numerous datasets provide 
valuable insights into indoor environments, they notably 
lack in addressing the comprehensive needs of residential 
building representation. A key challenge is the absence of 
datasets offering extensive scans of real-world residential 
spaces, including furnishings, a gap often attributed to 
privacy concerns. Moreover, the tendency for many 
datasets to be ad-hoc or overly specialized limits their 
utility in research focused on scalability and broad 

applicability in diverse residential settings. Considering 
these limitations, our research introduces a novel 
benchmark utilizing laser scanning (point cloud) 
technology. This benchmark is specifically designed to 
capture the intricate details and complexities of residential 
buildings, addressing the critical need for a more accurate 
and scalable approach in the topological and spatial 
assessment of indoor residential environments. This 
advancement not only fills a significant void in the current 
research landscape but also sets a new standard for 
precision and comprehensiveness in the field of building 
assessment. 

Benchmark Setup 

Benchmark dataset 

In constructing this benchmark, we implemented a wide 
selection process for point cloud data, adhering to 
meticulously defined criteria to ensure a comprehensive 
and accurate depiction of a variety of residential 
buildings. This evaluation focused on key factors such as 
precision, accuracy, chromatic fidelity, and the 
granularity of details within individual data points.  
We also prioritized diversity in data acquisition 
methodologies, incorporating a range of scanning 
technologies and environmental conditions to 
authentically mirror complex, real-world data collection 
scenarios. Moreover, the curation of point cloud content 
was strategically executed to encompass a wide array of 
residential spaces, each with their unique architectural 
styles and spatial layouts. Table 1 delineates these point 
cloud specifications and criteria. First, we classify the 
criteria into three main categories: point criteria (PCr.), 
scan condition (SCd.), and scan content (SCt.). then, 
accuracy, colors, number of points in millions (No.), and 
sensor type were added to the point criteria. Acquisition 
complexity (AC) and moving objects (MO) were added to 
scan condition category. Finally, building type (BT) and 
furniture (F) were added to the scan content. This 
systematic approach in dataset compilation not only 
addresses the shortfall in publicly available datasets but 
also establishes our benchmark as a model of versatility 
and practical applicability in residential building 
assessment. 

Table 1:Point cloud data criteria 

D1 D2 D3 D4 D5 

PCr. 

Acc. 6-8 mm 1 cm 
Color ✓ ✓ x ✓ ✓

No. 316 321 319 6.6 252 
Sensor TLS / MLS TLS MLS TLS 

SCd. AC ✓ ✓ x ✓ ✓

MO x x x x ✓

SCt. BT H H H D A 
F ✓ ✓ x ✓ ✓

Our dataset includes a curated selection of five residential 
environments, each representing different living settings 
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and contexts. It features datasets from a multi-floor house 
(D1, D2), offering an urban residential perspective with 
challenges like clutter, occlusions, and elaborate interior 
designs.  

D1-House-First Floor 

D2-House-Second Floor 

D3-House-Under construction 

D4-Student dorm-Second floor 

D5-Apartment-11th Floor 

Figure 1:Point cloud data screenshots. 

An additional dataset from a fully furnished apartment 
(D5), situated on the 11th floor, showcases the intricacies 
of high-rise living environments. We also included a 
ground floor dataset from a house under construction 
(D3), highlighting the complexities of unfinished 
architecture. Complementing these, a dataset from the 

second floor of a fully furnished student dormitory (D4) 
adds to the architectural and contextual diversity. Figure 
1 provides a visual representation of these diverse point 
cloud data. 
For data acquisition, we employed both Terrestrial Laser 
Scanning (TLS) and Mobile Laser Scanning (MLS) 
methodologies, tailored to the specific characteristics of 
each residential setting in our dataset. The Trimble X9 
TLS system, renowned for its extensive range and high 
precision, was used, achieving an exceptional accuracy of 
8 mm, particularly in interior scans. In contrast, for the 
dormitory dataset (D4), we utilized the MLS capabilities 
of the iPhone’s LiDAR sensor, which offers suitable 
navigation and accuracy (±1 cm) within apartment spaces 
(Luetzenburg, Kroon, and Bjørk, 2021). Notably, datasets 
D1 and D2 were captured using a combination of TLS and 
MLS technologies, leveraging the comprehensive range 
of the Trimble X9 and the agility of the iPhone's LiDAR 
sensor. This dual-technology approach for D1 and D2 
ensures a richly detailed representation of the intricacies 
inherent in residential spaces.  
Table 2 provides detailed technical characteristics of these 
two scanning devices. By integrating both TLS and MLS 
methods, our benchmark accurately reflects the varied 
challenges and scenarios present in residential buildings, 
demonstrating the efficacy and adaptability of diverse 
laser scanning technologies in different residential 
contexts. Contrasting with many existing benchmarks that 
typically engage in preprocessing to remove noise and 
reflections, our benchmark adopts a novel approach. We 
emphasize the importance of preserving and incorporating 
indoor noise elements within each residential space. This 
decision stems from our understanding that noise, 
particularly in indoor environments, is an inherent 
characteristic of real-world data. It offers valuable 
insights into the everyday use and dynamics of residential 
spaces. 

Table 2: Laser scanners technical characteristics 

Specs. TLS MLS 
Range 120 m 3 m 
Accuracy 6 – 8 mm ± 1 cm 
Acquisition time (one floor) 60 min 3 min 

Reference models 

In the development of our benchmark, a fundamental 
component was the construction of models using 
Autodesk Revit™. This step involved the detailed 
creation of 3D models that are essential in residential 
buildings. While our primary focus was on the 3D models 
themselves, these models inherently facilitate the 
generation of crucial elements like adjacency graphs, 
navigation plans, and evacuation paths. As depicted in 
Figure 2, these models provide a comprehensive 
foundation for understanding and analyzing the spatial 
and topological aspects of residential environments. By 
focusing on 3D modeling, we ensure that the essential 
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characteristics of residential buildings are accurately 
captured, laying the groundwork for subsequent analytical 
processes that are vital in assessing and understanding the 
dynamics of these spaces. 

D1 

D2 

D3 

D4 

D5 
Figure 2: 3D reference models. 

In the geometric reconstruction phase, we undertook a 
series of systematic procedures. These included adjusting 

levels, constructing walls, and other architectural 
elements, and integrating doors, windows, and circulation 
components. Notably, this reconstruction process did not 
rely on manual on-site measurements but solely on the 
precision inherent in the point cloud data. This strategy 
highlights the effectiveness of modern scanning 
technologies in accurately capturing indoor residential 
environments. By depending exclusively on point cloud 
data, our reference models not only demonstrate the 
capabilities of advanced scanning technologies in 
building assessment but also challenge the traditional 
dependency on labor-intensive manual measurement 
methods. 
Additionally, it is crucial to address the concept of 'ground 
truth' within the context of point cloud processing. 
Typically, 'ground truth' refers to a model manually 
constructed in software, representing an 'as-built' or 'as-is' 
scenario. While these models are highly accurate, they are 
not without limitations. In our benchmark, these models 
are utilized more as a comparative standard rather than an 
absolute ground truth. They provide a robust and reliable 
foundation for evaluation but are acknowledged as not 
being infallible. This nuanced understanding of 'ground 
truth' is fundamental in our approach, ensuring that our 
benchmark provides a realistic and practical standard for 
evaluating the performance of various methodologies in 
the realm of residential building assessment. 

Evaluation metrics 

In our benchmark, specifically designed for topological 
and spatial assessments in residential environments, we 
incorporate a range of tasks including area measurement, 
floorplan generation, adjacency graph construction, 
navigation, and evacuation planning. Recognizing the 
integral role of geometric evaluation in understanding 
topological and spatial data (Pintore et al., 2020), our 
metrics also encompass the assessment of geometric 
accuracy in reconstructed models. This approach ensures 
a thorough evaluation of algorithm performance beyond 
just computational efficiency and automation level, with 
a focus on the quality of algorithms in relation to indoor 
residential environments. 
For geometric accuracy assessment, we utilize the Root 
Mean Square Error (RMSE), a well-established statistical 
measure in spatial data analysis (Li et al., 2017). RMSE 
quantifies the variance between predicted and observed 
spatial dimensions, thereby evaluating the precision of 
area measurements in a reliable and quantifiable manner. 
In evaluating floorplan generation, our benchmark 
employs accuracy metrics: Recall, Precision, and F1-
score. These metrics, prevalent in pattern recognition and 
information retrieval, offer a multidimensional 
perspective on the accuracy and completeness of 
generated floorplans (Kim and Lee, 2023). 
To address the evaluation of topological relations and 
spatial assessments, such as adjacency graph construction, 
navigation, and evacuation planning, we adopt a dual 
approach. Qualitatively, usually experts conduct a 
visualization evaluation, subjectively assessing the 
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clarity, accuracy, and usability of the representations 
(Knauff, Rauh and Renz, 1997). Quantitatively, we 
implement graph similarity measures, like graph edit 
distance, to evaluate topological relations. This measure 
calculates the minimum number of edits needed to 
transform one graph into another, thus gauging the fidelity 
of the algorithm-generated graphs compared to our 
reference models. Additionally, spatial accuracy metrics 
should be employed to assess deviations in spatial 
configurations, and consistency checks are conducted to 
ensure the logical coherence of spatial arrangements. This 
combination of subjective and objective evaluations 
forms a comprehensive assessment framework, capturing 
both the perceptual quality and the measurable accuracy 
of spatial models in residential environments. 

Accessibility and Participation 

In line with our commitment to collaborative scientific 
progress, our benchmark will be made publicly 
accessible. We invite scholars, practitioners, and 
members of the scientific community to engage with this 
dataset, which will be available for download from the 
Deposit once Repository. This open-access initiative is 
designed to stimulate comprehensive utilization and 
analysis of the dataset, thereby contributing significantly 
to advancements in the field. 
We strongly encourage scholarly engagement from 
researchers interested in applying and investigating 
various methodologies and algorithms with our database. 
This invitation extends to a diverse spectrum of 
researchers from both academic and industrial spheres. 
We advocate for the exploration of a wide range of 
application scenarios, including emergency response 
planning and architectural design. The insights gained 
from these explorations are expected to be invaluable in 
enhancing our understanding of current algorithmic 
capabilities and limitations and could lead to innovative 
developments in the field. 
We are introducing a set of guidelines for its effective use 
and implementation. These are designed to bridge the gap 
between theoretical research and practical application, 
providing clear, actionable steps for accessing and 
utilizing the benchmark. Users can navigate the point 
cloud raw data and reference Revit files via the repository, 
enabling straightforward integration into their projects. 
For each specific application, practitioners are 
encouraged to refer back to this paper for the relevant 
proposed evaluation metrics to ensure accurate and 
effective application. This commitment to support aims to 
foster a collaborative environment, encouraging the 
widespread adoption and application of the benchmark 
across various professional domains. 

Conclusion 

This research has established a new benchmark for the 
topological and spatial assessment of indoor residential 
buildings, an area that has been inadequately represented 
in existing datasets. By incorporating a variety of point 

cloud data acquired through laser scanning, this 
benchmark serves as a crucial tool for the precise 
evaluation of algorithms related to this domain. Our 
benchmark, anchored in constructed reference models, 
provides a solid criterion for both geometric and topo-
spatial assessments. This addresses significant gaps in 
existing methodologies and sets a new standard in the 
field. Looking forward, this benchmark opens the door to 
a multitude of research avenues and practical applications, 
marking a significant advancement in the field of spatial 
data analysis. Its potential extends across various 
domains, from enhancing emergency response strategies 
to innovating architectural design and urban planning. A 
key direction for our future work will involve conducting 
real-world case studies to present and validate the 
practical applicability and effectiveness of our benchmark 
across a diverse range of architectural styles and 
environments. we will illustrate how the application of 
our benchmark can lead to tangible improvements in 
building performance, such as increased energy 
efficiency, improved occupant well-being, and reduced 
environmental impact, thereby fulfilling our vision of 
fostering more sustainable and resilient living 
environments. The benchmark is poised to be a 
cornerstone in the development of more accurate and 
efficient algorithms, fostering interdisciplinary 
collaborations that blend expertise from architecture, 
urban planning, data science, and beyond. Additionally, it 
offers a platform for integrating emerging technologies 
like augmented reality for immersive visualizations and 
AI to develop advanced evaluation metrics, we aim to set 
new standards in spatial analysis, ensuring our benchmark 
remains at the forefront of architectural assessment and 
urban planning. While our dataset encompasses a variety 
of architectural styles, we aim to expand its diversity by 
incorporating more settings, featuring unique design 
elements and circulation patterns, to enhance its 
applicability. Also, by integrating socio-cultural aspects, 
recognizing the impact of social norms and cultural values 
on residential architecture. This inclusion will allow our 
benchmark to evaluate and guide the design of spaces that 
are not only physically sound but also resonate with the 
cultural and social fabric of their communities more 
accurately. In addressing the limitations of our 
benchmark, we acknowledge challenges in the acquisition 
of point cloud data for complex residential indoor 
environments, like furniture, which may not fully capture 
the intricacies of such spaces. However, this journey also 
invites us to confront and navigate the challenges and 
limitations inherent in such pioneering work, ensuring 
continuous improvement and relevance in an ever-
evolving landscape.  

Acknowledgments 

We acknowledge the support of the ReconTOP project, 
and the funding provided by the Deutsche 
Forschungsgemeinschaft (DFG), which were crucial in 
the realization of this research. 

554



 References

Armeni, I. et al. (2016) ‘3D semantic parsing of large-
scale indoor spaces’, Proceedings of the IEEE
Computer Society Conference on Computer Vision and 
Pattern Recognition, 2016-Decem, pp. 1534–1543.

Chen, J. et al. (2019) ‘Floor-SP: Inverse CAD for 
floorplans by sequential room-wise shortest path’, in
Proceedings of the IEEE International Conference on 
Computer Vision, pp. 2661–2670.

Chen, X. et al. (2023) ‘ReCo: A Dataset for Residential
Community Layout Planning’, in Proceedings of the 31st

ACM International Conference on Multimedia. New 
York, NY, USA: Association for Computing 
Machinery (MM ’23), pp. 397–405.

Cheng, J., Meng, M.Q.-H. and Sun, Y. (2020) ‘Robust
Semantic Mapping in Challenging Environments’,
Robotica. 2019/05/21, 38(2), pp. 256–270.

Cheng, L. et al. (2018) ‘Registration of laser scanning
point clouds: A review’, Sensors (Switzerland). MDPI
AG.

Dai, A. et al. (2017) ‘ScanNet: Richly-annotated 3D 
reconstructions of indoor scenes’, Proceedings - 30th
IEEE Conference on Computer Vision and Pattern 
Recognition, CVPR 2017, 2017-Janua, pp. 2432–2443.

Fang, H. et al. (2021) ‘Floorplan generation from 3D point
clouds: A space partitioning approach’, ISPRS Journal
of Photogrammetry and Remote Sensing, 175, pp. 44–
55.

Gankhuyag, U. and Han, J.H. (2020) ‘Automatic 2D
floorplan CAD generation from 3D point clouds’,
Applied Sciences (Switzerland), 10(8).

Guo, Y. et al. (2021) ‘Deep Learning for 3D Point Clouds:
A Survey’, IEEE Transactions on Pattern Analysis and
Machine Intelligence. IEEE Computer Society, pp. 
4338–4364.

Khoshelham, K. et al. (2017) ‘The ISPRS benchmark on
indoor modelling’, in International Archives of the
Photogrammetry, Remote Sensing and Spatial 
Information Sciences - ISPRS Archives. International 
Society for Photogrammetry and Remote Sensing, pp. 
367–372.

Kim, M. and Lee, D. (2023) ‘Automated two-dimensional 
geometric model reconstruction from point cloud data 
for construction quality inspection and maintenance’,
Automation in Construction, 154(March), p. 105024.

Knauff, M., Rauh, R. and Renz, J. (1997) ‘A cognitive
assessment of topological spatial relations: Results from

an empirical investigation BT - Spatial Information 
Theory A Theoretical Basis for GIS’, in S.C. Hirtle and
A.U. Frank (eds). Berlin, Heidelberg: Springer Berlin 
Heidelberg, pp. 193–206.

Li, G. et al. (2017) ‘Quality evaluation of point cloud
model for interior structure of a common building’,
International Geoscience and Remote Sensing 
Symposium (IGARSS), 2017-July, pp. 6040–6043.

Liu, C., Wu, J. and Furukawa, Y. (2018) ‘FloorNet: A
unified framework for floorplan reconstruction from
3D scans’, in Lecture Notes in Computer Science
(including subseries Lecture Notes in Artificial 
Intelligence and Lecture Notes in Bioinformatics), pp. 
203–219.

Pintore, G. et al. (2020) ‘State-of-the-art in Automatic 3D 
Reconstruction of Structured Indoor Environments’,
Computer Graphics Forum, 39(2), pp. 667–699.

Song, S. et al. (2017) ‘Semantic scene completion from a
single depth image’, Proceedings - 30th IEEE 
Conference on Computer Vision and Pattern 
Recognition, CVPR 2017, 2017-Janua, pp. 190–198.

555



2024 European Conference on Computing in Construction 
Chania, Crete, Greece 

July 14-17, 2024

EXPLAINABLE ARTIFICIAL INTELLIGENCE IN GENERATIVE DESIGN FOR 

CONSTRUCTION
Sanaz Zarghami1, Hanieh Kouchaki2, Longzhi Yang1 ,and Pablo Martinez Rodriguez1 

1Northumbria University, Newcastle, United Kingdom 
2Tabriz Islamic Art University, Tabriz, Iran 

Abstract

As artificial intelligence rapidly advance, their growing 
complexity enables more sophisticated applications 
across sectors, including construction. However, the 
opaque nature of algorithms, such as generative AI, 
reduces human interpretability and trust. While providing 
benefits like enhanced efficiency, generative design’s
black-box processes hamper adoption. Explainable AI can 
elucidate how AI algorithms generate outputs, thereby 
improving understanding and confidence. Despite 
explainable AI’s potential, construction has given it 
limited focus. This research systematically reviews the 
application of explainable AI in generative design in 
construction, with an aim to allay risks and enable wider 
utilization of these emerging technologies for improved 
engineering design.

Introduction

The expanding integration of artificial intelligence (AI) in 
the field of architecture and construction, driven by the 
exponential growth in data, is reshaping traditional 
practices. The manual analysis of vast datasets and 
reliance on rule-based computing methods pose 
challenges, prompting the adoption of AI for systematic 
data analysis through predictive modeling. This 
transformation influences various facets of the industry, 
including architectural and structural design, construction 
safety, sustainability, affordability, speed, return on 
investment, and operational performance. Generative 
design, a departure from traditional methods, empowers 
computers to semi-autonomously explore design spaces, 
presenting designers with diverse options for analysis and 
consideration (Baduge at al., 2022; Junk and Burkart, 
2021; Krish, 2011).
While the adoption of AI in construction is gaining 
recognition, challenges arise in understanding and 
interpreting AI model outputs, often considered "black 
boxes". Concerns about bias, fairness, trust, and 
reliability, particularly in critical domains such as 
recruitment, real-time progress monitoring, cyber-
security, risk management, and safety, warrant attention. 
Human decision-making in these domains is also 
susceptible to bias, and the reluctance to embrace AI is 
often rooted in a lack of understanding. Establishing trust 
in AI models, crucial for widespread acceptance, is 
explored through explainable artificial intelligence (XAI). 
This involves methodologies and processes to enhance 
comprehension and confidence in the outcomes and 
outputs of AI algorithms, addressing the industry's need 
for transparency and reliability (Matthews et al., 2022; 
Gunning et al., 2019; Sokol et al., 2022; Love et al., 2023). 
While XAI has gained traction in fields like law and me-
dicine , its exploration in construction remains limited 
despite the rise of generative AI. 

This study aims to fill this gap by providing a thorough 
exploration of XAI for generative design in construction. 
Through a systematic review, this paper advocates for 
generative AI in construction, raises awareness of XAI 
limitations and gaps, and harnesses its advantages. To 
achieve this, the study provides comprehensive answers 
on how XAI tackles transparency and bias, differentiates 
generative AI, elucidates the mechanisms of XAI for ge-
nerative design in construction, and examines how XAI 
influences the generative design framework in this 
industry.

Methodology

The methodology employed in this study aims to provide 
a comprehensive analysis of the research objectives. In 
essence, this paper begins by elucidating the fundamentals 
of AI followed by a systematic review of 31 academic 
papers on generative design and the emerging field of 
generative AI design. In essence, drawing from the 
mentioned comprehensive review, this section has been 
concluded by presentation of a categorization of 
generative design techniques, methods, and models. 
Subsequently, the concept of XAI is introduced and to 
enhance the clarity, terminologies are provided, outlining 
its significance and methodologies. This section derives 
from an analysis of 30 academic papers to establish a 
taxonomy for the preliminary stages of applying XAI. 
Moving forward, the paper conducts a critical review of 
the construction industry, focusing on the potential 
applications of generative AI within this domain. 
Illustrative examples of generative processes in 
architectural design further enrich the discussion. Finally, 
the paper proposes a comprehensive taxonomy titled 
"Explainable Generative AI Design," defining various 
approaches to render generative design algorithms 
interpretable and transparent. The mentioned taxonomy 
was developed by exploring major types of GENAI 
models based on their mechanisms. They were then 
categorized according to AI models. Finally, post-hoc 
expandability techniques were provided for these GENAI 
models. Each step of the methodology is meticulously 
created to provide a comprehensive understanding of the 
intersection between generative AI and construction, 
elucidating the theoretical underpinnings and practical 
implications for future research and applications.

Artificial Intelligence

Over the past decade, the construction sector has lagged 
in adopting transformative AI advancements that have 
revolutionized other industries. Notably driven by 
machine learning and its specialized subset, deep 
learning, these breakthroughs harness historical data to 
predict patterns, enabling automated generative design
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and analysis processes. Deep learning techniques, 
exemplified in Baduge et al. (2022), facilitate automated 
structural evaluation and design, emphasizing prestressed 
components. AI in construction promises generative and 
optimized layouts, safety risk prediction and mitigation, 
energy cost reductions, accelerated project timelines, 
enhanced financial returns, and sustainable building 
practices. The replicative capabilities of AI address 
feasibility and scalability challenges posed by big data in 
the construction sector. Despite being in an experimental 
stage, the rapid evolution of AI applications in 
construction, supported by expanding research and 
consistently impressive results, anticipates widespread 
integration and commercial viability in the near future 
(Love et al., 2023; Angelov et al., 2021). 

Generative Design and Generative AI 

The architectural design process is conventionally divided 
into three integral phases: the initial conceptual or scheme 
design, the detailed preliminary design incorporating 
optimization, and the creation of construction drawings. 
The conceptual phase holds paramount significance as it 
molds the ultimate design and heavily relies on the 
designer's expertise. Addressing prevalent issues in 
structural design, such as inefficiencies, data 
underutilization, and knowledge transfer challenges, has 
prompted a growing emphasis on smart design strategies. 
Leveraging historical design data, architectural concepts, 
and various forms of knowledge, the evolving approach 
employs generative AI to efficiently produce new designs 
(Kanyilmaz et al., 2022). The GD process comprises three 
components: a design schema, creating variations, and 
selecting desirable outcomes (Krish, 2011).  
Generative design, rooted in facilitating innovation, 
utilizes algorithmic software driven by parameters set by 
designers, including materials, geometric shapes, and 
loads. The incorporation of artificial intelligence into 
generative design processes utilizes metaheuristic search 
algorithms, such as genetic algorithms, to explore and 
identify efficient solutions within predefined design 
frameworks. This transformative approach comprises 
three core elements: a generative geometry model, criteria 
defining design objectives, and a metaheuristic search 
algorithm. Generative AI has emerged as a pivotal 
technological development, prominently featured in 
intelligent design to overcome inefficiencies in the 
structural design industry (Avital, 2007; Junk and 
Burkart, 2021; Liao et al., 2024). This article delves into 
data feature representation, intelligent structural design 
creation, and robust design outcome assessment within 
the realm of generative AI for architectural design.  
Singh's explorations in 2012 of generative design 
techniques, detailed in Table 1, encompasses SG, CA, 
GA, LS, and SI, considering their technical, design, and 
system development characteristics. Integrating these 
computational systems poses challenges due to the 
necessity for a common language across diverse 
generative design (GD) techniques. Singh envisions an 
interactive expert system, placing the designer at the core 

of the GD process. Meanwhile, Krish (2011) proposes 
generative design methods (see Figure 1 and outlined at 
the top of Table 1). Contemporary research emphasizes 
adapting generative AI models, employing deep learning 
methods like CNNs, GNNs, and RNN/LSTM for domain-
specific problem-solving, as elucidated by advanced 
algorithms in the last section of the table (Liao et.al, 
2024). Generative AI holds the potential to revolutionize 
data management in architecture, engineering, and 
construction (Ghimire et al., 2023). However, its 
transformative impact in the construction industry is 
hindered by issues, including a gap between research and 
industry, hesitancy due to interpretability, feasibility, 
reliability concerns, and ethical considerations (Arrieta et 
al., 2020). 

Explainable Artificial Intelligence 

Explainable artificial intelligence (XAI) is a collection of 
methodologies designed to enable human users to 
understand and trust the outcomes of artificial intelligence 
systems. The objective of any XAI method is to make the 
decision-making of AI models transparent and 
interpretable. Anand et al. (2020) have persuasively 
argued that AI algorithms often resemble inscrutable 
"black boxes" due to their intricate, nonlinear structures 
that are hard to elucidate, even for their creators. The 
inability to fully understand machine learning and deep 
learning models entails risks when relying on their 
unexplained outputs. XAI has thus been developed to help 
users grasp the rationale behind the specific outputs of AI 
systems. The diminished explainability of AI models has 
led Gerling et al. (2021) to assert that the inability to 
elucidate algorithms means we cannot contest, validate, 
enhance, or derive knowledge from them. Therefore, 
generating explanations that clarify the functioning of DL 
and ML models, as well as the basis for their decisions or 
predictions, is crucial for fostering trust in these 
technologies. Arrieta et al. (2020) have characterized XAI 
to provide insights or justifications that render the 
operations of a model transparent and easily 
comprehensible. While a consensus on the definition 
remains elusive, it is widely accepted that XAI systems 
ought to articulate their capabilities, recount their past 
actions, describe their current activities, predict future 
outcomes, and disclose the pertinent data upon which they 
operate. To achieve these ends, XAI addresses concerns 
related to interpretability and transparency.  

Figure 1: Generative design process (Krish, 2011)
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Table 1: Generative design methods and techniques and generative AI models. 

R
ef Category 

K
rish. 2011 

Generative Design Method (GDM) 

Genotype Phenotype Exploration 

envelope 

Design 

Table 

Design 

Generation 

Software 

CAD 

system 

Performance 

filters 

Is composed 
of a generic 
parametric 
CAD model, 
list of design 
parameters 
and their 
initial value 
and initial 
exploration 
envelope. 

Generated 
CAD files 
(that may 
include 
build 
history, 
built-in 
relationshi
ps and 
built-in 
equations). 

A list of 
minimum and 
maximum 
values of the 
driving 
parameters, 
specifying the 
limits of the 
design space to 
be explored. 

A data table 
that stores 
the driving 
design 
parameters, 
their initial 
values and 
limits. 

It generates 
random 
variations of 
the driving 
design 
parameters 
within limits 
set by the 
exploration 
envelope. 

Is a 
parametric 
CAD 
engine 
with a 
transparent 
and 
editable 
build 
history. 

A pass/fail 
software filter 
that is able to 
evaluate the 
performance 
of generated 
designs based 
on preset 
performance 
criteria. 

Singh. 2012 

Generative design techniques across their technical, design and system development 

characteristics 

Cellular 

automata 

(CA) 

Genetic 

algorithm

s (GA) 

Shape 

grammars 

(SG) 

L-systems

(LS)

Swarm intelligence (SI) and multi-agent 

societies 

A grid of cells 
that change 
over time 
based on 
predefined 
rules 
influenced by 
the states of 
adjacent cells. 

Simulate 
natural 
selection 
by 
evolving a 
population 
of design 
solutions 
using a 
fitness 
function. 

Rules for 
manipulating 
shapes to 
produce a 
variety of 
designs. 

Create 
structures 
resembling 
natural 
growth 
patterns, 
resulting in 
self-similar 
forms. 

Collective behavior of simple agents that 
interact with their local surroundings. 
Leading to the formation of organized, global 
patterns. 

G
him

ire et.al. 2023 
Major types of GenAI models based on their generative mechanism 

Generative Adversarial 

Networks (GAN) 

Variational Auto Encoders 

(VAE) 

Autoregressiv

e models 

Diffusion 

Models 

Flow-based 

Models 

Two neural networks, a 
generator, and a 
discriminator, compete with 
each other to generate 
realistic data. 

Encodes data into a latent 
space and then decodes it back 
into the original space. 

Generate data 
one step at a 
time, using the 
previously 
generated data 
as input. 

Start with 
a noisy 
image and 
gradually 
refine it to 
a realistic 
image. 

Transform 
data from one 
distribution to 
another using 
a series of 
invertible 
functions. 

XAI is a complex concept encompassing intrinsic or post 
hoc nature, local or global scope, and model-specific or 
model-agnostic applicability (see Figure 2). 
Defining XAI definitively demonstrates challenging due 
to context-dependent interpretability, varying across 
domains, as illustrated in Figures 2 and 3. Although these 
terms are frequently used interchangeably, they may 
convey distinct nuances in various settings. To enhance 
clarity, the distinctions and commonalities among 

terminologies frequently employed within the realms of 
ethical AI and XAI are elucidated in this section: 

 Understandability refers to a model's inherent
quality that enables a human to grasp its
functionality—how the model operates—
without necessitating an exposition of its internal
architecture or the algorithmic processes it
utilizes to manage data internally.
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 Comprehensibility, when applied to machine
learning models, pertains to the capacity of a
learning algorithm to present its acquired
knowledge in a manner that is intelligible to
humans.

 Interpretability is described as the facility to
convey significance in terms accessible and clear
to a human observer.

 Explainability is crucial, acting as a bridge
between humans and decision-making entities. It
involves post-hoc methods to make opaque
models intelligible. In this document, we
prioritize explainability as the primary design
goal, recognizing its comprehensive importance.

 Model transparency hinges on inherent
comprehensibility, categorized into simulation
models (step-by-step emulation), decomposable
models (examining components and
interconnections), and algorithmically
transparent models (visible internal logic and
decision-making processes).

Figure 3: Various formats of XAI results (Source: Authors). 

Explainable generative AI design in 

construction 

As AI becomes increasingly integrated into applications 
that directly impact humans and as the ramifications of 
algorithmic decisions grow, the construction industry 
must broaden its focus beyond merely the predictive 
accuracy of ML and DL models to include their 
explainability (Love et al., 2023). Generative AI has the 
potential to transform data management in architecture, 
engineering, and construction, offering efficient 
processing of unstructured data through large language 
models (LLMs). A few examples can be found in Figure 
4. Generative AI fosters seamless information exchange
between tangible and digital realms in construction
projects, enhancing comprehension and decision-making
in project management by accessing previously
inaccessible unstructured data (Ghimire et al., 2023). As
the authors mention in their article, the potential of Gen
AI in construction is:

1. To extract project information from construction
documents such as dimensions, materials used,
responsible person, point of contact, etc.

2. To generate new documents. Examples- 
proposals, reports, etc.

3. To classify & cluster documents based on project
types, internal departments, sub-contractors,
project phases, document types, materials,
supply chain, etc.

4. Generating code to automate tasks.
5. Optimizing cost estimation workflow.
6. To help quality control by comparing completed

tasks to project specifications to identify defects
and deviations.

7. To generate an optimal schedule path.

Figure 2. Preliminary stages in application of XAI (Source: Authors). 
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Construction organizations have been reluctant to adopt 
artificial intelligence (AI) systems, not because of 
unwillingness, but due to the lack of explainability of 
autonomous decisions and actions made by AI, which 
undermines confidence and trust (Love et al., 2023). XAI 
offers significant benefits for construction, including 
reduced model bias, enhanced trust, actionable insights, 
and risk reduction. XAI elucidates the rationale behind AI 
decisions and capabilities (Love et al., 2023). 
Explanations can facilitate collaborative co-design among 
stakeholders, empowering them to make informed 
decisions about system use and appropriate timing for 
performance assessments (Khosravi et al., 2022). 
Consequently, evaluating XAI requires comprehending 
diverse socio-political environments of stakeholders 
using an interpretive approach that enables deeper 
understanding and generates motivation and commitment 
(Love et al., 2022). 
As it is depicted in Figure 5, there are various approaches 
that can be selected for implementing XAI solutions 
tailored to generative design algorithms, contingent upon 
the differing characteristics of the models and their 
associated computational processes.  In the following 
section, different types of XAI approaches that can be 
used to make generative design algorithms explainable 
are presented.  

 Local Explanations: It focusses on explaining
individual predictions or decisions made by the
AI model. In the context of generative design,
this could involve explaining why certain design
choices were made for a specific instance.
Techniques such as Local Interpretable Model-
agnostic Explanations (LIME) or SHapley
Additive exPlanations (SHAP) can be used to
provide these local insights.

 Global Explanations: Unlike local
explanations, global explanations aim to provide
an understanding of the model's overall
behavior. For generative design algorithms, this
could involve explaining the general principles
or rules the model uses to generate designs
across different scenarios.

 Feature Attribution Methods: These methods
explain the output of a model by attributing the
prediction to the input features. For generative
design, this could mean identifying which
features of the input data are most influential in
the design generated by the AI.

 Visual Explanations: Visualization techniques
can be used to illustrate how the generative
model is transforming input data into a design.
This could include visualizing the activation of
different layers in a neural network or showing
intermediate steps in the design process.

 Example-Based Explanations: Providing
examples of similar designs or design decisions

made by the AI can help users understand the 
rationale behind the generated designs. This 
could include showing nearest neighbors or 
variations of the design that were considered by 
the algorithm. 

 Feature Attribution Methods: These methods
explain the output of a model by attributing the
prediction to the input features. For generative
design, this could mean identifying which
features of the input data are most influential in
the design generated by the AI.

 Visual Explanations: Visualization techniques
can be used to illustrate how the generative
model is transforming input data into a design.
This could include visualizing the activation of
different layers in a neural network or showing
intermediate steps in the design process.

 Example-Based Explanations: Providing
examples of similar designs or design decisions
made by the AI can help users understand the
rationale behind the generated designs. This
could include showing nearest neighbors or
variations of the design that were considered by
the algorithm.

 Counterfactual Explanations: Such
explanations provide insights into how the input
could be changed to achieve a different outcome.
In generative design, counterfactuals can help
users understand how altering certain design
parameters could lead to different design results.

Figure 4: Examples of generative design process in the initial 

conceptual or scheme design (Source: Authors).
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Figure 2: Proposed explainable generative AI design taxonomy (Source: Authors).

 Interactive Explanations: These tools allow
users to explore and manipulate the AI model's
inputs and observe the changes in the outputs.
This hands-on approach can be particularly
effective in helping users understand the
generative process and the impact of their design
choices.

 Model Simplification: Simplifying complex
models into more interpretable forms can also
serve as an XAI approach. For instance, a
complex generative design model could be
approximated by a simpler model that captures
the main trends and patterns, making it easier to
understand and explain.

 Causal Inference: Causal inference methods
aim to understand the cause-and-effect
relationships within the data that the AI model
uses. In generative design, this could involve
identifying which elements of the design are
causing certain features or outcomes in the
generated product. Techniques like causal
diagrams or intervention analysis can help in
providing these insights.

 Process Tracing: This approach involves
tracing the decision-making process of the AI
model step by step. For generative design, this
could mean detailing the sequence of operations
the model performs to arrive at a particular

design, which can help users understand the 
generative process in a more granular way. 

 Natural Language Explanations: Some XAI
systems can generate textual descriptions that
explain the AI's decisions in human-readable
form. For generative design, the AI could
provide annotations or descriptions of why it
made certain design choices, which can be more
intuitive for users without technical expertise.

 Sensitivity Analysis: This involves studying
how changes in the input affect the output of the
AI model. In generative design, sensitivity
analysis can help determine which design
parameters are most influential and how
variations in these parameters can alter the final
design.

 Uncertainty Quantification: Providing
information about the uncertainty and
confidence of the AI's decisions can be a form of
explanation. In generative design, this could
mean indicating the level of certainty the AI has
about each aspect of the design it generates,
which can help users make informed decisions
about whether to accept, modify, or reject the
AI's suggestions.

 Rule Extraction: Some XAI approaches aim to
extract human-understandable rules from
complex models. For generative design, this
could involve distilling the AI's decision-making
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process into a set of rules or guidelines that 
explain how different design outcomes are 
achieved. 

Also, there is the option to make hybrid approaches by 
including more than one XAI algorithm at once. Hybrid 
approaches aim to leverage the strengths of both ante-hoc 
and post-hoc explainability. For example, a model may be 
trained with regularization techniques that promote 
sparsity, making it easier to identify which features are 
most influential, while still allowing for post-hoc analysis 
to explain individual predictions. Another hybrid strategy 
might involve training a complex model to achieve high 
performance and then using a simpler, inherently 
interpretable model to approximate the complex model's 
behavior in a way that is understandable to humans (Sun 
et al. 2022, Amershi et al.2014, Ross et al. 2021). 

Discussion 

While AI has been implemented across various industries, 
those systems cannot yet fully replace construction 
managers, engineers, and clients in building projects due 
to concerns around replacing human judgment with 
computational processes. However, this paper proposes a 
framework integrating explainable AI techniques into 
generative design workflows, which could improve 
process clarity for users. By increasing trust in AI through 
explainable methods, these systems may gain wider 
acceptance in construction. However, within current 
literature, evaluation frameworks for explainable AI 
remain underdeveloped, as the notion of explainability 
lacks consensus.  
The proposed taxonomy aims to provide researchers and 
practitioners with a simple yet effective way of evaluating 
the XAI approaches available for the GD AI algorithm 
used in a systematic manner. The selection of the XAI 
algorithm from an effective manner has not yet been 
evaluated and remains a work in progress. 
Nonetheless, basic tenets like interpretability and 
transparency are agreed upon. Although explainability 
has received limited focus in AI research on construction 
generative design, future work could employ existing 
post-hoc explanation methods to elucidate the functioning 
of machine and deep learning models. Qualitative 
approaches may also evaluate explanations as a precursor 
to developing quantifiable metrics. Moreover, while this 
paper presented a broad taxonomy for most generative AI 
models in design, more specific taxonomies for all model 
types require investigation. The relationship between 
individual mechanisms and their combination can be 
separately considered and presented. Additionally, 
balancing model performance and explainability poses 
challenges. More complex models like deep neural 
networks can generate higher quality outputs yet tend to 
be less interpretable, whereas simpler models may be 
more explainable but have limitations in producing novel 
optimized designs. Hence, hybrid approaches leveraging 
both complex and simple models warrant exploration. 

Conclusion 

This paper proposes a taxonomy for the integration of 
explainable AI (XAI) into generative design, with the aim 
of increasing user trust and paving the way for future AI 
applications in the construction industry. XAI enables 
transparency and accountability, building trust in AI-
enabled construction solutions. The adoption of XAI is 
necessary to maintain a competitive edge and comply with 
evolving regulatory mandates. By merging XAI with 
generative algorithms, design quality, efficiency, and 
stakeholder satisfaction can be enhanced. However, 
realizing XAI's full potential requires investment in 
professional training and research refining XAI for 
construction-specific deployment. In conclusion, 
explainable AI has the potential to revolutionize 
construction design through human-centered generative 
practices and a unified commitment to its progression. 
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Abstract 
Crack detection in concrete bridge elements is critical to 
the bridge's durability and safety. The ability to link 
cracks with the type of damaged element, location, and 
the moment of occurrence is critical for understanding the 
structure's behaviour. While the detection of cracks in 
concrete representing the failure condition is currently a 
relatively straightforward task, the identification of 
narrow cracks representing the pre-failure state has not yet 
received a satisfactory solution. This paper discusses a 
solution for segmenting structural elements on images and 
segmenting cracks using a deep learning network trained 
on a prepared dataset of pre-failure concrete cracks. 

Introduction 
The occurrence of cracks in reinforced concrete structures 
is a natural phenomenon, which in many cases cannot be 
avoided. In order to be able to assess whether the 
occurrence of cracks may affect the durability of the 
structure and pose a risk to its safety, it is necessary to 
determine the probable cause of the damage, based on 
factors such as the nature of the element's work, the place 
where the damage occurred or the time at which the 
damage occurred (e.g. after performing load tests). At the 
same time, the formation of cracks can be caused by the 
effects of both mechanical and environmental factors, as 
well as being the result of design or construction mistakes. 
It should also be noted that according to Eurocode 2 
(CEN, 2004) the crack limit value (i.e. the value above 
which the serviceability limit state of the structure is 
exceeded) is a very small value and is 0.3mm. 
For this reason, during the engineer's site inspection, these 
cracks may be difficult to detect by human eye, 
particularly in areas that are difficult to access such as 
pylons, spans over rivers and the inside of box girders. At 
the same time, the engineer inspecting the technical 
condition of the structure by reviewing individual 
elements, assessing the size of the damage, and 
documenting with photographs is the person who is 
responsible for assessing the impact of the damage on the 
structure's safety, and who decides on the necessary repair 
works or taking the structure out of service. The 
inspection process is labour-intensive, time-consuming 
and, in particular, is subject to the engineer's subjective 
opinion and experience. It has been estimated that approx. 
50% of condition assessments are incorrect or vary 
depending on the engineer who performs the inspection 
(Hüthwohl et al., 2019). 
This paper presents a solution based on machine learning 
algorithms that can support the engineer's work and 
condition assessment of structures. This solution allows 
for the detection of bridge structure elements on images 

and then the detection of cracks for a particular structure 
element in relation to the location of the damage. 
Particularly, by training a neural network based on a 
dataset of cracks representing the pre-failure state of the 
structure, the presented solution can be used to detect 
damage at an early stage of its occurrence. Detecting the 
cracks of reinforced concrete or asphalt structures 
representing the failure state is a relatively 
straightforward task in the current state of the art (Ali et 
al., 2022; Li et al., 2022; Nguyen et al., 2023), but 
identifying the pre-failure state indications in the form of 
very narrow cracks has not yet received a satisfactory 
solution. By diagnosing the occurrence of a crack at the 
pre-failure stage and linking it to a possible cause based 
on where the damage occurred, it is possible to take the 
necessary repair steps (e.g. protecting the damage), to 
monitor the development of the damage and, 
consequently, to extend the service life of the structure. 
The first part of this paper discusses the causes of cracks 
in reinforced concrete elements of bridges and indicates 
for which elements a given cracking caused by a given 
factor is characteristic. The second part discusses the 
authors' dataset "NCCD-PF - A pre-failure narrow 
concrete cracks dataset for engineering structures damage 
classification and semantic segmentation" 
(Tomaszkiewicz & Owerko, 2023b). The segmentation of 
concrete elements of a bridge structure for which cracks 
are detected is presented in the third part. The fourth part, 
in turn, presents the solution of a deep learning algorithm 
trained based on the discussed dataset, for the identified 
structural elements. 

The problem of cracks in reinforced 
concrete elements 
The bridge condition inspection procedure varies from 
one country to another. The inspection procedure varies 
in terms of the frequency of inspections, the types of 
elements that need to be checked in a particular type of 
inspection, the value of the condition ratings of the 
elements. Regardless, the procedure for conducting the 
inspection itself is because an engineer performs an on-
site inspection. In the case of damage, it is the engineer's 
responsibility to note this fact in the inspection protocol 
and to make documentation of the damage. At this stage, 
the engineer is required to decide whether the damage 
represents a risk to the bridge, whether additional expert 
work should be carried out and the urgency to do these 
works. This stage when the engineer decides whether the 
damage represents a risk to the structure is supported by 
the approach presented in this paper, in relation to 
concrete cracking. 
Cracking in reinforced concrete structures is a natural 
phenomenon, which in many cases cannot be avoided. In 

564



order to be able to assess whether the occurrence of 
cracking may affect the durability of the structure and 
pose a risk to its safety, it is necessary to determine the 
probable cause of the damage, based on factors such as 
the nature of the given structural element's work, the place 
where the damage occurred or the time at which the 
damage appeared (e.g. after carrying out test loads on 
bridges).  
Among the most characteristic cracks that occur in 
reinforced concrete elements, we can point out 
(Tomaszkiewicz & Owerko, 2023a): 
● Cracks caused by the compression of a reinforced

concrete element - in particular abutments, pillars
● Cracks caused by the excessive bending moment

stress - especially in girders, in zones of extreme
bending moment

● Cracks caused by nonuniform settlement of supports
in particular abutments, pillars, foundations

● Cracks due to plastic shrinkage - especially observed
for bridge slabs, pedestrian paths, concrete
pavements

● Cracks in prestressed elements caused by corrosion of
tendons, corrosion of tendon anchorages -
characteristic for girders or anchorages of cable
elements suspending the superstructure.

A particular type of cracking occurring in bridge 
structural elements is that of massive elements such as 
foundation slabs, abutments, pillars and pylons. The 
massiveness of a structural element can be defined as the 
ratio of the surface area of the element to its volume. In 
the process of cement hydration during concrete setting, 
the ratio of the surface area (i.e. the area through which 
the heat of hydration is removed) to the volume in which 
it is emitted is small. These cracks already appear during 
the construction phase, i.e. when the concrete strength is 
significantly lower than the design strength and when the 
bridge structure is not yet operating under full-service 
load. In addition, under further loading, cracks may 
propagate through the entire thickness of the concrete, 
resulting in a loss of structure monolithicity and a change 
in its static scheme. 
The link between the type of structural element, the 
location of the damage and the causes of the damage will 
be discussed using the example of an abutment of a bridge 
structure. As a result of the cement hydration process, the 
temperature inside a concreted abutment rises to a 
maximum and then decreases to equalise with the ambient 
temperature. This results in tensile stresses that exceed the 
strength of the 'young' concrete. At the same time, the 
development of shrinkage phenomena occurs, resulting in 
cracking of the element. During the heating phase, the 
central part of the element heats up to a higher 
temperature than its edge, which causes the edge zones to 
be stretched. In the cooling phase, the central part of the 
element shrinks to a higher temperature than the edge, 
which causes stretching of the central zone of the element. 
Abutment walls are the elements in which the deformation 
of the lower edge is limited by external constraints. 

Abutment walls are concreted after the foundation has 
hardened and cooled, hence the curing of the wall takes 
place when the bottom of the wall is restrained in the 
foundation and there is no possibility of deformation. 
Therefore, thermal-shrinkage cracks of abutments are 
vertical cracks that begin above the abutment wall-
foundation interface and disappear at the top of the 
abutment wall. 

Description of the dataset for pre-failure 
cracks in concrete elements 
The dataset developed by the authors "NCCD-PF - A pre-
failure narrow concrete cracks dataset for engineering 
structures damage classification and semantic 
segmentation" (Tomaszkiewicz & Owerko, 2023b) has 
been made available as an open dataset and described in 
detail in the publication (Tomaszkiewicz & Owerko, 
2023a). This dataset is dedicated to the problems of 
classification and segmentation of reinforced concrete 
element cracks. One of the dataset's characteristics is that 
it only represents those cracks which do not exceed a 
width of 0.3mm. This value is defined in EC 1992-1-1 
(CEN, 2004) as the limit value of a crack with respect to 
typical construction methods for engineering elements 
and the conditions under which they operate. The crack 
detection using the algorithm trained on the presented 
dataset therefore allows the detection of cracks at the pre-
failure stage. In addition, the dataset is characterised by 
the presence of a complex concrete surface finish (Figure 
1), which can significantly influence to the results of the 
machine learning algorithms. The dataset's characteristic 
concrete surface complexity is shown in Figure 2. 
The images that compose the dataset have been 
differentiated by: 
● The type of element on which the cracks occurred

(e.g. abutment, pillar, concrete barrier, tunnel wall)
● The cause of the cracks (e.g. thermal and shrinkage

stresses in young concrete)
● Stage in the life cycle of the structure at which the

image was obtained (from the construction stage to
the operational stage)

● Quality of the reinforced concrete element
construction, its maintenance and conservation.

Figure 1: Example of concrete surface texture complexity. 
Marked as: "A" - cracks, "B" - dirts, "C" - mechanical damage, 

"D" – potholes (Tomaszkiewicz & Owerko, 2023a) 
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a) b) c) 

d) e) f) 
Figure 2: Example of concrete surface texture complexity, 

where a) dirt, b) bugholes, c) formwork marks, d) mechanical 
damage e) background obstructions f) troweling marks 

(Tomaszkiewicz & Owerko, 2023b) 

The method of data acquisition for the dataset 
construction was chosen in such a way that the data 
acquired corresponds to the conditions under which 
bridge inspections are conducted. The images were 
obtained from cameras, without prior conditioning. 
The dataset development started with the preparation of 
segmentation masks. An example of an image and its 
corresponding segmentation mask is shown in Figure 3 
and 4. The images prepared in this way were segmented 
into sub-images of 224x224 pixels. On their basis, a 
classification dataset was created, examples of which are 
shown in Figure 5 (images of cracked concrete) and 
Figure 6 (images of uncracked concrete), respectively. 
The size of the dataset is shown in Table 1. 

Figure 3: Example of image and corresponding segmentation 
mask (white pixels - crack, black pixels – background) 

Figure 4: Example of subimages and corresponding 
segmentation masks (Tomaszkiewicz & Owerko, 2023b) 

Figure 5: Example of cracked concrete images (Tomaszkiewicz 
& Owerko, 2023b) 

Figure 6: Example of uncracked concrete images 
(Tomaszkiewicz & Owerko, 2023b) 

Table 1: Number of images in the „NCCD-PF - A pre-failure 
narrow concrete cracks dataset for engineering structures 
damage classification and semantic segmentation” dataset 

(Tomaszkiewicz & Owerko, 2023a)  

Dataset for image 
classification 

Dataset for image 
segmentation 

Number 
of images 

5388 

Including: 
Cracked – 668 
Uncracked – 4720 

5388 

Crack location based on segmentation of the 
structural element on images 
To preserve the link between the bridge structure element 
and the damage, it is possible by segmenting an image of 
the single structural elements of the bridge structure and 
then providing data about a specific element as input 
information for a solution based on deep machine learning 
networks. For this purpose, the authors adapted the 
SegmentAnything algorithm (Kirillov et al., 2023) for 
iterative segmentation of bridge structure elements. 
Images identified as a structural element of a specified 
class are then segmented into sub-images and entered into 
a neural network. As a result, once the concrete surface 
cracks have been segmented using a deep learning 
algorithm, it is possible to link this damage to the element 
on which it occurred. Using this approach, a crack image 
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of a given structural element is obtained, with the 
identification of those cracks that may pose a risk to the 
structural element and should be monitored and those that 
can be considered as neutral phenomena. An example of 
segmentation of reinforced concrete bridge elements is 
shown in Figure 7. 

Figure 7: Results of bridge element segmentation 

Crack detection solution using deep machine 
learning 
Previous authors' experience (Tomaszkiewicz & Owerko, 
2022) has shown that using networks trained on datasets 
for cracks with larger widths and fine-tuning them is not 
a proper solution for obtaining correct segmentation of 
cracks with widths below 0.3mm. The authors have 

developed a dedicated solution for pre-failure crack 
segmentation. The computer implementation was done 
using the PyTorch library.This solution used a modified 
and adapted UNet architecture originally proposed by 
(Weng & Zhu, 2015). The individual components of the 
network such as activation layers, convolution blocks etc. 
were implemented manually, the networks available in the 
PyTorch library were not used. 
The network training process was based on a subset of 791 
images from the presented dataset. The image size 
adopted for analysis was 224x224 pixels, which is also the 
original size of the images in the developed dedicated 
dataset. The images were randomly divided into a training 
and validation dataset in a ratio of 80:20. The dataset was 
divided into a batch size of 16 and trained for 125 epochs. 
The results obtained, presented in Table 2, showed a high 
match between the network's prediction and the 
segmentation masks derived from the dataset. The 
information extracted in this way is sufficient information 
to be included on the image of the whole structural 
element and be used to assess its technical condition. 

Table 2: Segmentation result using a trained deep learning 
network 

Image Label Prediction 

Limitations and future work 
The presented deep learning solution covers one 
architecture that is effective for this problem but is not a 
most recent type of architecture (such as transformers). 
Furthermore, a problem that exists worldwide is that the 
amount of publicly available datasets related to the 
detection of different types of objects is severely limited. 
Data is not collected in a structured way, regarding FAIR 
Principles (Wilkinson et al., 2016). 
Further research should be conducted in such a way that 
good quality datasets for deep learning algorithms can be 
built partly automatically. The procedures for performing 
bridge inspections should be developed or adapted in such 
a way that they meet the requirements for conducting 
inspections, but also allow the collecting of structured 
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data that can be used for training deep learning 
algorithms. An important direction is also to conduct tests 
on different types of concrete mixes, keeping in mind the 
different potential causes of cracking. It may be helpful 
here to link the computational model to the location of 
damage in the structure, e.g. as a result of excessive 
loads). Such data can provide support for research related 
to the application of recent deep learning architectures 
based on multi-dimensional data as a source of knowledge 
(including consideration of IFC class, observation history 
from IoT sensors). 
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Abstract 

This paper introduces a method for diagnosing facility 
management (FM) work systems to improve situation 
awareness (SA). Identifying SA as a critical factor of 
success in FM, we propose a method to diagnose FM 
work systems, integrating multiple methods and offering 
a comprehensive sociotechnical systems perspective. The 
findings show the internal validity of the method, its 
application, and the identification of SA-impacting 
factors in FM work systems. Implications include 
continuous improvement and a proactive approach to 
addressing SA challenges in the FM work systems. 

Introduction 

The Facilities Management (FM) industry faces mounting 
pressure to align with sustainable development goals, 
exacerbated by the escalating complexity of digital 
transformation in the built environment (Nielsen et al., 
2016; Okoro, 2023). This complexity necessitates a shift 
from traditional social systems to sociotechnical systems 
within FM work systems, wherein technical and social 
components are integral to decision-making processes 
(Yalcinkaya and Singh, 2014). However, this 
transformation has introduced challenges, particularly in 
maintaining up-to-date and comprehensive situation 
awareness (SA), which is crucial for informed decision-
making. 
 SA, a critical factor in various domains such as nuclear 
power plants, healthcare, and aviation, remains relatively 
underexplored in the FM domain despite its evident 
importance (Gheisari and Irizarry, 2011; Gheisari, 2013; 
Akinci, 2014). Existing literature suggests two dominant 
and distinctive views on situation awareness; one defines 
SA as a cognitive product of individuals, and the other 
views it as an emergent property from interactions in a 
system. Acknowledging the multifaceted nature of SA, 
there is a need to adopt a sociotechnical systems 
perspective, where both views are accounted for, 
considering FM actors, FM technologies, and their 
interdependencies in achieving and maintaining SA.  
Evidence suggests that many individual and system-level 
factors interdependently influence SA in sociotechnical 
systems (Lau and Boring, 2016; Kurapati, 2017). 
Improving FM work systems necessitates diagnosing the 
work systems and addressing the problems to support 
situation awareness. In this direction, the research 

community has put significant efforts into assessing the 
situation awareness of individuals and groups, taking a 
descriptive approach where only the social aspect of the 
work system is considered (Gawron, 2019; Alhaider, 
2022). We argue that a normative approach with a 
sociotechnical systems perspective is required to 
effectively guide the interventions to address the SA-
related issues in complex work systems. Moreover, 
existing methods expect a certain level of expertise in the 
SA domain (Salmon et al., 2006), presenting a barrier for 
the practitioners in the FM industry to utilize these 
methods and take an interest in them. 
This research aims to bridge these gaps by establishing a 
problem-solving approach to address situation awareness-
related issues in the FM sociotechnical (work) systems. In 
this regard, we propose a method to diagnose FM work 
systems to identify underlying patterns of SA-impacting 
factors. 
By integrating insights from individual and system-level 
SA processes, this approach seeks to enhance SA within 
FM work systems, ultimately improving facility 
performance and supporting informed decision-making. 
This work presents empirical findings from applying our 
proposed method and discusses implications for research 
and practice in the FM industry. 

Literature review 
This literature review delves into the evolution of 
contemporary Facilities Management (FM) work 
systems, understanding the shift from social systems to 
complex sociotechnical systems. Then, we inspect the 
challenges this transformation poses for achieving and 
maintaining high situation awareness (SA) levels among 
FM actors. Additionally, we explore strategies for 
diagnosing FM work systems to effectively address SA 
challenges, thereby augmenting informed decision-
making and overall system performance. 

Contemporary FM Work Systems and Rising 

Complexity  

As the FM domain approaches contributing to 
sustainability, it is expected to play a strategic role beyond 
achieving efficiencies in operations and maintenance of 
the buildings and infrastructure (Collins and Junghans, 
2015). In this broader context, FM can be considered "an 
integrated approach to operating, maintaining, improving 
and adapting the buildings and infrastructure of an 
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organization to create an environment that strongly 
supports the primary objectives of that organization" 
(Barrett and Baldry, 2003). Towards addressing the 
sustainability challenges, i.e., achieving operational 
efficiencies, gaining competitive advantages, maintaining 
stakeholders' satisfaction, adhering to regulatory 
compliances and standards, and achieving resilience and 
sustainability of the built environment, the FM domain is 
going through a technological transition where advanced 
technologies like BIM, IoT, AI-ML, AR-VR, Building 
Automated Systems, ICT-based tools, Digital Twin-CPS, 
Blockchain/ DLT and emerging technologies, are 
becoming integral parts of FM work systems 
(Araszkiewicz, 2017; Yalcinkaya and Singh, 2019; Lee et 
al., 2021; Elyasi et al., 2023). Figure 1 explains FM as a 
sociotechnical (work) system adopting the framework 
proposed by (Brandt and Cernetic, 1998) where complex 
networks of social and technical systems (i.e. large teams 
of technicians, managers at different organizational 
levels, third-party companies and various technical 
systems associated with FM process and smart 
infrastructure) need to work collaboratively for effective 
management of the built environment. The attempts to 
bring sophistication to the built infrastructure and the 
intricacy of the FM work systems have posed challenges 
to FM actors in achieving and maintaining situation 
awareness, leading to poor decision-making and negative 
outcomes for facilities while increasing complexity. 

Figure 1:Facility Management as a sociotechnical system. 

To further emphasize our claim, we analyze the 
dimensions of complexity suggested by (Vicente, 1999) 
in Table 1 to characterize FM work systems as a complex 
sociotechnical system. 

Table 1: Characterizing FM work systems as a complex 

sociotechnical system with dimensions of complexity by 

(Vicente, 1999) 

Dimensions of 
complexity 

Definitions Application to FM 

Large problem 
space 

Many different 
elements and 
forces 

Many multidisciplinary 
functions shall be met by 
integrating people, 
processes, technology and 
places by effectively 

understanding the needs 
of the organizations and 
their peoples.  

Social System Composed of 
many actors who 
must work 
together 

Inhouse social system + 
Outsourced social system 
+ Customers + Owners

Heterogeneous 
perspectives 

Actors with 
different 
backgrounds and 
disciplines 

Operational and strategic 
perspectives, different 
disciplines, and conflicts 
of interests  

Distributed system Sub-systems 
located in 
different places 

Different building systems 
at different locations, 
remote operations, teams 
at different locations, 
Cloud Computing 

Dynamic system Effects of 
actions, changes 
with times 

Complex and dynamic 
built environment  

Hazards The high degree 
of potential 
hazards 

Failures of critical 
infrastructures   

Coupling Highly coupled 
interactive 
subsystems 

Tight coupling with 
organization and loose 
coupling between 
technical systems 

Automation Highly 
automated 
systems 

Building Automated 
Systems, AI in FM 

Uncertainty Uncertainty in 
data available to 
actors 

Rely on first responders, 
manual collection of data, 
and fragmented 
subsystems. 

Mediated 
interactions 

Systems not 
observable 
directly by actors 

CAFM, Observable by 
Digital Interfaces 

Disturbances Actors dealing 
with 
unanticipated 
events 

Unpredictable behaviours 
and activities of 
occupants, facility failures 

Situation Awareness in FM Work Systems 

The primary function of FM work system is to ensure the 
functionality, safety, comfort, efficiency and 
sustainability of the built environment (IFMA, 2024). To 
achieve this, the FM work system, i.e. the actors and FM 
technologies, continuously interacts with the facilities, its 
occupants and the core organization to get required 
situation awareness, which supports decision-making and 
performance of actions to deliver the agreed services 
successfully (see Figure 2). SA enables teams and 
individuals to keep an accurate mental picture of their 
environment and helps them anticipate changes and make 
well-informed decisions in complex and dynamic settings 
(Sorensen and Stanton, 2016). In other words, an adequate 
level of SA for FM actors will mean that they are aware 
of what has happened (Perception), what is happening 
(Comprehension), and what could happen (Projection) at 
any point, which is fundamental to making well-informed 
decisions. For instance, in a large office building with a 
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centralized HVAC system, FM actors continuously 
monitor temperature, airflow, and energy usage to be 
aware of what has happened and what is happening. If 
they detect a sudden temperature increase in a zone, they 
anticipate a potential malfunction or high occupancy. This 
awareness of the current situation enables them to make 
informed decisions and take proactive actions to maintain 
comfort and optimize resource usage. 

 
Figure 2 : Situation Awareness in Facility Management Work 

Systems 

However, contemporary FM work systems can be 
characterized as complex sociotechnical systems where 
achieving and maintaining SA is challenged by an 
intricate interplay of many SA-impacting factors 
(Salmon, 2008; Boy, 2013; Lau and Boring, 2016). This 
necessitates a case for a sociotechnical systems approach 
to study SA in FM work systems. 
The most influential work of situation awareness defines 
it as the perception and understanding of elements within 
an environment, coupled with the comprehension of their 
meaning and the projection of their status in the near 
future (Endsley, 1995). Apart from this, (Sarter and 
Woods, 1991) describe situation awareness as built on 
working memory and mental models: “Situation 
awareness is based on the integration of knowledge 
resulting from recurrent situation assessments”. 
Additionally, (Tenney et al., 1992; Smith and Hancock, 
1995)’s models are some of the most cited situation 
awareness models. Most of these theoretical constructs of 
situation awareness take an individualist view where 
situation awareness is considered a product of the active 
situation assessment process. This view highlights task-
related, individual, and environmental factors impacting 
SA. Stanton presents another dominant view for situation 
awareness with a systems perspective, i.e. Distributed 
Situation Awareness (DSA). DSA expands on the idea of 
SA to include human and technological agents that work 
collaboratively, and SA emerges from SA transactions 
amongst them (Stanton et al., 2006; Salmon, 2008). This 
viewpoint strongly emphasizes team members’ shared 
mental models, communication, and coordination to 

preserve a thorough grasp of the operating environment. 
Apart from the Stanton model on situation awareness, 
Endsley’s and Jones’s model on situation awareness and 
Artman and Garbis’s distributed cognition model are 
some of the models that account for situation awareness 
from a team perspective (Artman and Garbis, 1998; 
Endsley and Jones, 2001). The reviewed literature 
suggests five dimensions for factors impacting SA in a 
sociotechnical system, i.e. individual, team, task/domain, 
technological, and environmental. Table 2 presents 
factors identified in literature impacting situation 
awareness in the sociotechnical system.  

Table 2: List of factors impacting SA from the literature. 

Categories Factors Impacting SA 

Individuals Attention Tunneling, Errant mental models, 
Requisite Memory Trap, Out-of-the-loop 
syndrome, Goals and Expectations, 
Experience and training, Stress and fatigue, 
Training, Cognitive Load 

Technology  Complexity Creep, Misplaced salience, 
Interface Design, System Capability, 
System Design, Procedures, Reliability and 
Robustness, Data Integrity 

Team Communication, Coordination, Roles and 
responsibilities, Team Cohesion, Attitude, 
shared mental models, Trust and 
Collaboration. 

Tasks/ 
Domain 

Information Overload, Lack of required 
information, Quality of information, 
Fragmented Information, Complexity, 
Automation, Workload, Workflow 

Environment Environmental stressors (Loud Noises, 
Lighting Conditions, Thermal Discomfort, 
Air Quality, Large Crowds, etc.), 
Complexity of the environment 

Diagnosing FM work system for SA-related issues 

To be innovative and efficient in the fast-changing 
demands and needs of client organizations, FM work 
systems must adopt strategies for continuous adaptation 
and improvement of the work systems (Duffy, 2000; 
Roberts, 2001; Nazali and Pitt, 2009). This necessitates 
adopting a problem-solving approach to identify poor 
performance outcomes/challenges within the work 
system, define problems, and design and implement 
solutions throughout the work system's life cycle. Poor 
performance outcomes in the work system can directly be 
attributed to poor SA, provided the actors can and are 
willing to decide and act with their SA (Endsley, 2020). 
This indicates that addressing SA-related issues in the 
work system can improve its performance. In order to 
achieve that, one should conduct a comprehensive 
diagnosis, which can guide interventions aimed at 
enhancing SA. The existing literature predominantly 
focuses on descriptive assessment of SA, which can 
describe whether a work system holds required and 
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accurate SA or not. There are also few supports available 
in terms of guidelines for system design to support 
situation awareness (Endsley et al., 2003; Alhaider, 
2022). However, we do not find any evidence of support 
available for diagnosing the work system for SA-related 
issues. Diagnosis in complex work systems demands 
systems thinking (Senge, 1994; Testa and Sipe, 2006; 
Wilson, 2014). The literature review discovered the 
iceberg model of systems thinking and its potential and 
applicability in diagnosing various work systems (Al-
Homery et al., 2019; Ttr and Sivakumar, 2019). The 
researchers modified and adapted the iceberg model to 
guide the diagnosis of SA-related issues in the FM work 
system. (Refer to Figure 3 for details). For the scope of 
this research, we limit the diagnosis to one layer down to 
the iceberg model, where it uncovers patterns of 
individual, environmental, team, task/domain, and 
technological factors impacting situation awareness in 
FM work systems. Future work should focus on 
identifying mental models and sociotechnical interactions 
responsible for the emergence of SA-impacting factors in 
the FM work systems. 

Figure 3:Iceberg model of systems thinking for diagnosing FM 

work system for SA-related issues. 

Methodology 
The ergonomic and human factors domain suggests 
integration of methods with a systems approach to address 
complex problems of sociotechnical systems (Stanton, 
2018; Salmon and Read, 2019). With this inspiration, 
based on the literature review of situation awareness, 
sociotechnical systems, and facility management 
domains, we propose a qualitative method to support 
diagnosing FM work systems for situation awareness-
related problematic situations. Figure 4 shows overall 
research methodology to be adopted for this research.  
With a focus on improving situational awareness in FM 
work systems, the literature review on situational 
awareness comprehensively lists the factors that impact 
SA. The literature review on situation awareness touches 
on the different aspects of the sociotechnical systems, i.e., 
individuals, teams, technologies, tasks/domains, and the 
environment. Based on the different aspects of the 
sociotechnical systems, the corresponding factors that 
impact SA have been reviewed and listed in the Table 2. 
Based on the factors listed from the literature, the FM 
work system is investigated using the proposed method, 
which integrates multiple methods (see Table 3). 
Furthermore, while evaluating the FM work system with 
the proposed method, there could be a possibility of new 
factors that result from the diagnosis that are also included 
while diagnosing the work system. Overall, at meta level 
the method itself can be evaluated and improved for its 
effectiveness for FM work system but this is beyond the 
scope of this research work.  

Figure 4:Adopted Research Methodology

Table 3: Proposed research method for diagnosis of the FM work system for SA related issues 

Phases Objectives Activity Outputs Involvement of 

Participants 

Data 

Collection 

To understand the work system 
thoroughly 

In-depth interviews, direct 
observations, system and 
operators' logs 

Recordings, Notes and 
documents 

Provide relevant 
information 

Data 

Processing 

To prepare data for analysis Transcription and 
documentations 

Documents Not Required 

To identify and define potential 
problematic situations in the work 
system 

Qualitative Analysis 
Who? What? When? 

List of Problems Verification of Problems 
for their occurrence  

Data Analysis To identify problems relevant to 
Situation Awareness and related 
possible causal factors 

Reasoning How? Why? Problems relevant to SA 
and related causal factors 

Active Involvement in 
Reasoning 

Interpretation 

of results 

To interpret the results of the 
analysis 

Visualization Frequency Distribution of 
Responsible SA impacting 
factors 

Not required  
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Case Study 

The applicability of the proposed method was tested in 
an industrial FM setting. The industrial setting had 
multiple work systems like water management, 
helpdesk, energy, access control, security, etc. Out of the 
different work systems, the helpdesk work system is 
central to the efficient functioning of the different work 
systems together. Recent trends in FM emphasize the 
adoption of a helpdesk for the large and complex built 
environment with many occupants to process work 
orders, complaints, and service requests of the clients 
effectively. The principle of helpdesk systems is similar 
to the IT helpdesk – “to respond to a customer's inquiry 
as quickly as possible and follow it through until it has 
been satisfactorily resolved". However, the functioning 
of the helpdesk work system in the FM domain can be 
complex and challenging, as it deals with a large 
problem space with multiple interrelated support team 
networks and a complex-built environment. In this 
regard, the helpdesk work system was chosen as the 
place of interest for the study. The unit of analysis for 
this study was the whole helpdesk work system with two 
helpdesk executives and a facility manager responsible 
for its functioning, as shown in the Figure 5 

Figure 5:Basic structure of the FM helpdesk work system. 

The study began with an informal discussion among the 
researchers and the help desk executives with two major 
objectives: for the researchers to familiarize themselves 
with the operations of the help desk work system and for 
executives to familiarize themselves with the study plan. 
After the informal discussion, the researchers conducted 
observational studies at different times to understand 
and record the basic functioning of the work system. 
Two separate questionnaires (See Table 4 and Table 5) 
were prepared to conduct semi-structured interviews 
with helpdesk executives and the facility manager to 
thoroughly understand the work system and its 
problems. The three and half-hour overall interviews 
were recorded and transcribed. The transcripts of the 
interview and the notes of the observational study were 
used together to do a qualitative analysis to understand 
the detailed functioning of the help desk work system 
and identify potential problematic situations. A more 
precise description of the problems was prepared with 
an understanding of who is involved, what the problem 
is, and when it occurs in the work system. Precise 
description helps to improve understanding of the 

problems, which supports the relevant stakeholders' 
diagnosis of the work system. These problems were 
revisited to check their uniqueness, relevance to SA and 
duplications were removed. The helpdesk executives 
further verified the problems identified for their 
occurrence. Diagnosing each problem was performed 
with reasoning to identify all possible causal factors that 
can impact SA in the work system by the researcher. 
This was done carefully with the factors identified in the 
literature and newly realized factors from the reasoning 
activity. 

Questionnaires: 

These questionnaires were prepared for semi-structured 
interviews to understand the helpdesk work system 
thoroughly as shown in Table 4 and Table 5. 

Table 4:Questionnaire for Semi-structured Interview of 

Helpdesk Executives 

Questions 
What is your association with the Facility Management 
Work System? 
Can you briefly explain the helpdesk work system? 
Can you describe your role and responsibilities related to 
the helpdesk work system? 
What is your work experience related to your current role? 
How do you gain experience? 
What are your day-to-day operations at work? Are there 
any specific tools or software you use?  
Do you work as a team? What is your specific role in this 
team? 
Have you or your team identified any training or skill gaps 
required to improve your performance? 
What reporting and documentation processes do you follow 
to keep track of system performance, issues, and 
resolutions? 
How do you communicate with other stakeholders to 
address issues or to seek support? 
How do digital tools and equipment impact your daily 
operations? 
What issues do you face in the daily operations related to 
digital tools and equipment? 
What are the anticipated risks if the issues are not resolved? 
What improvements or changes could be made to enhance 
the efficiency and effectiveness of your role as an operator 
of this solution/system? 

Table 5:Questionnaire for Semi-structured Interview of 

Helpdesk Work System Manager 

Questions 
Can you provide an overview of the facility management 
helpdesk work system's structure and its role within the 
organization? 
What are the primary objectives and goals of the facility 
management helpdesk work system in ensuring smooth 
facility operations? 
Could you describe the key processes and workflows the 
helpdesk team follows to manage facility requests and 
issues? 
What are the key performance indicators (KPIs) or metrics 
used to measure the success and efficiency of the facility 
management helpdesk? 

573



What are the most common challenges or bottlenecks the 
helpdesk team encounters in addressing facility-related 
issues? 
How are facility requests and issues assigned and tracked 
within the helpdesk system, and what tools or software are 
used for this purpose? 
How does the helpdesk team coordinate and communicate 
with facility management staff and other relevant 
departments to resolve issues promptly? 
How is the helpdesk equipped to handle unexpected 
facility-related emergencies or disruptions effectively? 
What technologies or tools support the facility management 
helpdesk's work processes and decision-making? 
How do you ensure your helpdesk team has the resources 
and training to manage facility requests and issues 
effectively? 
What strategies and practices are in place to continuously 
improve the facility management helpdesk's operations and 
service delivery? 
How are conflicts or issues typically managed and resolved 
within the helpdesk team or with other facility-related 
stakeholders? 
Can you share recent examples of successful facility 
management initiatives or improvements facilitated by the 
helpdesk team? 
What future developments or changes do you foresee for 
the facility management helpdesk, and how are you 
preparing for them? 
How does the helpdesk gather and utilize feedback from 
facility users and staff to enhance its service quality and 
efficiency? 
What leadership and management style do you employ to 
ensure the success and satisfaction of the helpdesk team? 
Are there any specific training or development needs you 
believe would benefit the helpdesk team's performance in 
managing facility requests and issues? 
How does the facility management helpdesk contribute to 
fostering a positive facility management culture and 
ensuring high levels of user satisfaction? 
Can you share experiences where the helpdesk effectively 
responded to critical facility-related situations or 
challenges? 
What are the most important lessons you have learned as a 
leader of the facility management helpdesk, and how have 
they influenced your approach? 

Results: 

A total of seventy-one potential problematic situations 
related to poor performance outcomes were identified, 
and diagnosis was performed to identify related SA-
impacting factors obtained from the literature and 
through analysis. Figure 6 shows the frequency 
distribution of the SA impacting factor relevant to the 
identified problematic situations in the FM helpdesk 
work system in decreasing order where ineffective 
communication and lack of knowledge and experience 
are the highest occurring factors, this could be the case 
as the industrial setting is in under digital transformation 
and very frequently new facilities and related teams are 
being introduced. Ineffective feedback mechanisms, the 
complex network of actors, lack of accountability, lack 
of multidisciplinary knowledge, work constraints, lack 
of standardization, and poor data handling are the new 

factors realized with reasoning activity in the data 
analysis phase which can impact SA. 
The environmental stressor, team attitude, goal and 
expectations and out-of-the-loop syndrome did not 
show up in the analysis. The environmental conditions 
were well maintained in terms of lighting and air quality. 
Also, a dedicated space is allocated to the helpdesk team 
which lacks large crowd and loud noises. Team attitude 
and goal and expectations has complex relationships 
with SA which is difficult to put into the reasoning. The 
helpdesk executives were proactively engaging with the 
other relevant actors to get and provide updates which 
avoids out-of-the-loop syndrome. 

Figure 6: Frequency Distribution of the SA impacting factors 

from analysis. 

Discussion and Conclusions 

The method discussed in the study stemmed from the 
initial observations and discussion with relevant FM 
stakeholders of a help desk system in an industrial FM 
setting. These observations underscored the significant 
impact of poor situational awareness (SA) on the 
efficacy and functionality of the help desk system, 
prompting a comprehensive diagnosis of the underlying 
work system to enhance SA. The work system managers 
spend substantial time and effort in diagnosing the work 
system through routine meetings and discussions, but 
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they were not found to have a situation awareness-
oriented approach. From Figure 3, they mostly react to 
the poor performance outcomes for surface-level 
solutions, but the literature suggests it requires systems 
thinking to understand the underlying cause and treat 
them. This highlighted the critical need for thorough 
analysis and diagnosis of FM work systems to address 
underlying challenges for SA effectively. 
An adequate understanding of all the factors impacting 
situational awareness is essential for the stakeholders to 
diagnose the FM work system. Some of the factors that 
impact the FM work system may be difficult to reason 
out, requiring comprehensive reasoning ability of the 
stakeholders, for example, how goals and expectations 
and team attitude can affect SA. The result of the 
analysis represents how responsible each factor is in 
impacting SA; it should not be confused with how much 
impact a particular factor causes to SA in the work 
system. This analysis of the FM work system acts as a 
reference point to further investigate the underlying 
interaction through which the SA-impacting factors 
emerge in the system. While the involvement of 
stakeholders in the process is ideal, practical 
considerations such as time constraints may necessitate 
analysis by the researchers alone, where they are 
expected to have a detailed understanding of the work 
system. Furthermore, it is necessary to ensure that 
stakeholders are well-supported and informed about the 
different steps and factors in understanding the method 
in advance to facilitate their effective participation.  
Although the suggested approach has shown itself to be 
useful in the setting of a help desk work system, more 
research should be done to see whether it can be scaled 
up to include a greater number of participants and other 
work systems. Expanding the methodology's scope to 
include a wider range of stakeholders and organizational 
contexts would offer important insights into its 
effectiveness for various FM work systems while it may 
also demand large efforts. We anticipate the potential 
for developing digital tools to support the effective use 
of the method by system stakeholders where the tool's 
knowledge base can be enhanced with each study, it can 
support reasoning, and the involvement of the researcher 
can be avoided.  Furthermore, the analysis presented in 
the study is from the researcher's perspective owing to 
the constraints of time and availability of the systems 
stakeholders. As the study is a work in progress, a 
comprehensive analysis of the problematic situations of 
the help desk work systems from the active participation 
of stakeholders is something that needs to be looked at 
in future works.  
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Abstract 
This study addresses construction safety by deploying 
computer vision techniques, specifically a YOLOv8 
model by Ultralytics, to monitor PPE compliance. 
Targeting helmets, vests, and safety shoes, it aims to 
mitigate accident risks. The model was trained with 2934 
images and validated with 816, achieved a 95% mAP. 
Emphasizing AI's potential in safety management and 
occupational health in the construction industry. This 
research lays groundwork for future AI-based safety 
enhancements in construction sector, highlighting the 
industry's pressing need for innovative approaches to 
reduce occupational hazards and improve compliance 
standards. 

Introduction 
The construction industry, known for being the primary 
driver to infrastructure development been consistently 
ranked among the most dangerous industries worldwide, 
with a high incidence of accidents and fatality rates 
making it one of the most hazardous sectors (Lingard, 
2013; Pinto et al., 2011; Waehrer et al., 2007). High rates 
of accidents and fatalities have been consistently reported, 
many attributable to non-compliance with safety 
measures, particularly the use of Personal Protective 
Equipment (PPE) (Memon et al., 2023; Sehsah et al., 
2020). In many incidents, the lack of PPE or improper use 
of safety gear such as helmets, vests, and boots has been 
a critical factor. (Kang, 2018) reported that more than 
70% of all fatal accidents had some form of incompliance 
with PPE. This persistent challenge highlights a gap in 
safety protocols and enforcement on construction sites, 
highlighting the need for more stringent and effective 
monitoring tools to ensure worker safety and reduce the 
risk of accidents. 
Given the high importance of maintaining safety 
standards and reducing injuries from accidents in 
construction sites along with the prevalent safety 
challenges, it is necessary to rethink traditional methods 
and employ innovative technologies to enhance safety 
compliance rates on sites (Zhang, 2021). Among these 
technologies, artificial intelligence (AI) takes the lead 
when it comes to the development of object detection 
systems specifically for PPE in the site (Abioye et al., 
2021). On a site, monitoring systems using AI can assist 
safety engineers in achieving higher compliance of safety 
due to the fact that traditional human supervision can 
sometimes be expensive, prone to error and insufficient in 
maintaining safety standards (Yi and Wu, 2020). Such 
systems can aid in the detection of workers who are not 

complying with safety standards mainly, wearing proper 
PPE while working on sites.  The necessity for improved 
safety compliance on construction sites, coupled with the 
inadequacies of traditional safety monitoring methods 
dictates the need to start integrating AI-driven object 
detection systems in construction sites. The integration of 
AI-driven systems in construction sites represents an 
important opportunity and a significant leap forward in 
terms of technology adoption within the construction 
industry. 
This paper is part of a larger project that aims to utilize AI 
in the construction sector. The project is divided into 
several phases where the objective of this phase is to 
answer the following research question (RQ). 
RQ – Are fine-tuned object detection models, specifically 
YOLOV8 efficient and effective in identifying safety 
helmets, safety shoes and vests in construction sites? 

Literature Review 
Safety risks in the construction sector 
The construction engineering sector is a key driver of 
economic growth in both developed and developing 
nations (Sánchez et al., 2017). Despite advances in 
workplace safety within the construction sector, it still 
faces a greater risk of injuries and deaths than many other 
industries (Johansson et al., 2019). According to the US 
bureau of labor statistics (BLS), more than 1 in 5 deaths 
occurred in the workplace was within the construction 
industry in the year 2020 with a reported number of 1,008 
construction workers that were killed on the job (A Look 
at Workplace Deaths, Injuries, and Illnesses on Workers’ 
Memorial Day, 2022). Each year, more than 100,000 
individuals suffer from fatal injuries each year within the 
construction industry as per the International Labor 
Organization (ILO) which alone, represents about 30% of 
all occupational fatal injuries (“Construction,” 2015). 
A recent study (Memon et al., 2023) highlights that 
substandard quality of PPE is a leading cause of accidents 
in the construction industry. This study also found that the 
use of PPE can reduce accidents related to falls by 30%. 
Another study indicated that many accidents on 
construction sites occur due to the lack of PPE or failure 
to wear it properly (Ammad et al., 2021). Despite 
approximately 62% of construction workers being at risk 
of falls, only about half use PPE, as reported by the 
Bureau of Labor Statistics (BLS) (A Look at Workplace 
Deaths, Injuries, and Illnesses on Workers’ Memorial 
Day, 2022). Furthermore, it was noted that over 70% of 
fatal fall accidents involved workers not wearing PPE 
(Kang, 2018). Additionally, according to the Health and 
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Safety Executive (HSE), there are more than 9,000 PPE-
related accidents annually on construction sites in the 
United Kingdom. Understanding the frequency of these 
incidents underscores the need to educate employees on 
the importance of proper PPE usage (Martin et al., 2021). 
Severe brain injuries on construction sites, primarily 
caused by falls and falling objects, are a significant 
concern (Kamardeen and Hasan, 2022). Furthermore, the 
Centers for Disease Control and Prevention (CDC, 2011) 
estimates that almost half (49%) of all fatal injuries in this 
sector are due to head injuries (Occupational Ladder Fall 
Injuries — United States, 2011). 
The concerning statistics and studies highlighted in this 
section emphasize the urgent need for more stringent and 
effective enforcement of PPE safety compliance in the 
construction industry (Ebekozien, 2021; Gattuso, 2021). 
It is imperative to develop and implement reliable 
strategies to ensure that workers are adequately protected, 
thereby reducing the high incidence of injuries and 
fatalities that currently plague this sector. 

Technology adoption and integration in construction 
industry 
The potential of Artificial Intelligence (AI) is increasingly 
being recognized across various sectors. However, its 
adoption and application in the construction industry are 
scarce compared to other industries. As a matter of fact, 
the construction industry ranks among the least digitized 
sectors globally, and a common misconception among 
stakeholder exists regarding the industry’s longstanding 
culture of resistance to change (Young et al., 2021). 
Additionally, the lack of technology integration in the 
construction industry is often associated with health and 
safety concerns (Nikas et al., 2007). In an effort to address 
this slow growth in adoption, many companies are now 
turning to Artificial Intelligence (AI) as a means to 
streamline their processes and boost productivity within 
the working environment (Yigitcanlar, 2021; Yigitcanlar 
and Cugurullo, 2020). The adoption of AI technology 
grants a competitive edge in terms of automation when 
compared to conventional approaches (Chien et al., 2020). 
Within the wide variety of AI-Based technologies, the 
application of computer vision through deep learning has 
shown promising potential in construction safety 
management. The object detection capability of AI 
provides flexibility in terms of classifying and 
recognizing objects, which is something to be capitalized 
upon to improve safety compliance. This technology, 
serves a foundation to effectively substitute human vision 
for many tasks across the construction safety workflow 
(Abioye et al., 2021). This sets the stage for exploring 
advancements in AI for PPE compliance monitoring in the 
next section. 

Advancement in AI for PPE compliance monitoring 
In recent years, the construction industry has seen 
significant advancements in the application of Artificial 
Intelligence (AI) for safety management, particularly in 
monitoring Personal Protective Equipment (PPE) 

compliance. The effectiveness of AI, specifically deep 
learning, and computer vision, in real-time monitoring of 
safety helmets and PPE compliance, showing promise for 
enhanced on-site safety have been demonstrated in the 
literature (Delhi et al., 2020; Kisaezehra et al., 2023). 
Recent advancements in the construction industry's 
approach to safety management have been significantly 
influenced by the application of Artificial Intelligence 
(AI). A focus on enhancing Personal Protective 
Equipment (PPE) compliance has been evident, with AI-
driven systems, particularly those incorporating YOLO 
models for object detection, demonstrating notable 
accuracy and real-time capabilities. This shift towards AI-
based methodologies for safety gear recognition, 
especially through the use of advanced YOLO v5 and v8 
models, underscores a growing trend in leveraging 
technology to improve on-site safety measures (Chen et 
al., 2021; Kim et al., 2023; Wang et al., 2023). 
The advancements in AI for construction safety have seen 
significant strides in the development of systems for 
detecting safety helmets and protective clothing. A 
notable approach involves the enhancement of YOLOv3 
methods, specifically tailored to improve the detection of 
smaller-sized safety gear. This innovation, focusing on 
the addition of a large-size input layer for multi-scale 
prediction, represents a crucial step in fine-tuning AI 
models to meet the unique demands of construction site 
applications, underscoring the critical role of AI 
optimization in specific industrial contexts (Wang et al., 
2020). 
The exploration of AI in the construction industry has 
further expanded with the introduction of rapid PPE 
detection systems for actual construction sites, utilizing 
deep learning techniques. This advancement, as presented 
in the literature, signifies the practicality and effectiveness 
of AI in enhancing real-time safety management on 
construction sites. It addresses the critical requirement for 
advanced and efficient safety monitoring tools within the 
industry, showcasing the potential of AI to significantly 
improve construction safety practices (Wang et al., 2021). 
Together, these studies underscore the potential of AI and 
machine learning, particularly YOLO models, in 
revolutionizing safety compliance in the construction 
industry. They highlight the technical feasibility and 
practical implications of deploying AI systems for real-
time, accurate PPE monitoring, marking a significant step 
forward in occupational safety management. 

Closing remarks 
As indicated by the literature, to the best of the authors’ 
knowledge, there has been limited empirical research 
examining the adoption of AI technologies in the 
construction industry. As such, this study aims to 
contribute to the growing body of knowledge surrounding 
the integration of artificial intelligence, namely, PPE 
compliance detection systems in the construction 
industry. 
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Methodology 
Development of the PPE Compliance AI model – 
YOLOV8 
You Only Look Once V8 (YOLOV8), developed by 
Ultralytics in January 2023, served as the foundation for 
our AI model. YOLOV8 is a convolutional neural 
network (CNN), that is a category of deep learning neural 
networks, commonly used in analyzing visual imagery. 
YOLO was trained and validated using a dataset, namely 
Common Objects in Context (COCO). The COCO dataset 
contains more than 330 thousand images of 80 different 
common objects, including but not limited to, humans, 
bicycles, cars and animals. A total of 118 thousand images 
were used for the training, 5000 for validation and 20 
thousand for testing. The model was then benchmarked 
against the validation dataset using the mean average 
precision (mAP) which is basically a percentage precision 
of the number of detected objects correctly identified 
across multiple objects (Ultralytics, 2023a). YOLOV8 
can be used for different purposes, including object 
detection, object tracking, object classification and 
segmentation. The project utilizes the object detection 
capabilities of YOLOV8. 
Currently, there exists five YOLO models with varying 
sizes, (1) Nano, (2) Medium, (3) Large, (4) Extra Large. 
Simply put, smaller models compromise accuracy for 
speed, and are useful where computational power is 
limited and speed is a necessity. On the contrary, the 
larger models are the most accurate, but also the most 
resource intensive. According to Ultraltytics 
documentations, mAP is 37.3 and 53.9 for the Nano and 
Extra-large model respectively (Ultralytics, 2023b). 
Based on the limited computational power available, and 
the fact that the model is aimed to run in real-time, the 
YOLOV8 (m) model was used, with a mAP of 50.2. The 
(m) model offers a middle ground between speed and
accuracy with a good balance between performance and
efficiency.

YOLOV8 (m) fine tuning 
While COCO is a well-established dataset, it fails to serve 
the purpose of the project, therefore, a custom dataset was 
required. Following Ultralytics recommendations, two 
main folders were created, a folder dedicated specifically 
to the training dataset and a folder dedicated to the model 
validation. Within each directory, two subfolders were 
created, namely “Images” and “Labels”. All the training 
images that were collected were inserted in the “Images” 
subfolder under “Train” main folder. On the other hand, 
the images used for validations were inserted in “Images” 
subfolder under the “Validation” main folder. A total of 
2934 images and 816 images were for training and 
validation respectively. Figure 1 shows the breakdown of 
the dataset organization. 

Figure 1: Directory organization for the customized training 

The 2934 images collected were to fine tune the model to 
detect if a construction worker, within a construction site 
setting is adhering to the PPE requirements. The object 
detection model aims to detect if workers are wearing 
their safety helmets, vests, and safety shoes. The open-
source images were collected in addition to taking photos 
using a phone camera in construction sites after taking 
consent from safety officers. To avoid bias in the image 
collection, the data collected was made sure to be as 
diverse as possible, encompassing different colors and 
shapes of helmets, vests, and safety shoes with varying 
backgrounds ensuring transferability of the model across 
different countries. 
After the collection of the photos, the fine-tuning process 
begins. First, Conda, an open-source package 
management and environment management system was 
downloaded and installed in which all the machine 
learning is managed. A dedicated environment was 
created using Conda where all the packages required for 
YOLOV8 were installed. Using the command “pip install 
ultralytics” downloads all the packages and dependencies 
required to run YOLOV8. Prior to installing the packages 
concerning YOLOV8, it is necessary to annotate the 
images in the “Train” and “Validation” folders and save 
the output into the “Labels” subfolder of both “Train” and 
“Validation”. For that, “LabelImg”, an open-source 
graphical image annotation tool, was downloaded and 
installed. Labelling the images using “LabelImg” outputs 
a .txt file for each image with the location of the label 
within an image. Figure 2 shows the user interface and the 
labelling using “LabelImg". 

Figure 2: LabelIMG annotation user interface 

The annotation process involved six classes: 
• Class 0 – “Helmets”
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• Class 1 – “Vests”
• Class 2 – “Safety shoes”
• Class 3 - "No vests”
• Class 4 - "No helmets”
• Class 5 - "No safety shoes”

Upon annotating all the images collected, a “.yaml” file 
was prepared where the train and validation directory 
were set, the number of classes and the names of each 
class in order. This file is necessary as it contains all the 
necessary information required to override the existing 
trained YOLOV8. 
An important parameter to consider before initiating the 
training, is the number of epochs required, that is basically 
one complete pass of the entire training dataset through 
the algorithm. Zhang et al., (2019) underscores the 
importance of setting the number of epochs to an 
acceptable and reasonable number. For example, a very 
small number of epochs can result in an underfitted 
model, meaning that the model has not been trained 
enough on the trained data, thus resulting in a poor 
performance against validation or testing data. 
Conversely, overfitting phenomena can occur in the cases 
of an exaggerated number of epochs. In such cases, the 
model memorizes the training set rather than generalizing. 
The model would ultimately perform well on the trained 
data but poorly on unseen data. 
Selecting the appropriate number of epochs is an iterative 
process requiring several trials. The number of epochs for 
the project was set to 100 and the performance was 
constantly checked against the validation dataset setting 
an early stopping parameter in case there is no 
improvement in the performance as the number of epochs 
continues to increase. The command used in the Conda 
environment to conduct the training was as follows “yolo 

task=detect mode=train epochs=100
data=data_custom.yaml model=yolov8m.pt imgsz=640”. 
Figure 3 summarizes the whole processes followed to 
create the custom model. 

Figure 3: Summary of the fine-tuning on custom dataset. 

Results and Discussion 
The results and discussion section summarizes the 
findings of the methodological approach conducted.  
YOLOV8 (m) was selected as the foundation for the fine-
tuning process. A total of 2934 and 816 photos were used 
for the training and validation respectively. A processor 
of Intel® Core (TM) i9-9980HK CPU @ 2.40GHZ 
(16CPUs), with a dedicated graphics card of NVIDIA 
RTX 2060 and 32 GB RAM served as the training 
hardware.  
By default, a patience value = 50 is set, where the 
numerical value represents the number of epochs. The 
patience parameter simply means that while the training 
is in process, the model shall check its performance 
against the validation dataset, in any case where no 
improvement is perceived in the last 50 completed 
epochs, an early stop is employed. As a result, the 
YOLOV8 fine-tuning process took 23.33 hours and had 
an early stop at 96 epochs, as there was no improvement 
seen beyond 46 epochs. 
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Figure 4: Training dashboard against the validation dataset 
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Figure 4. illustrates the results of the custom trained 
model from the validation dataset. The x-axis represents 
the number of epochs, while the y-axis varies depending 
on the graph it represents. 
A total of 10 graphs (a) – (j) are shown in Figure 4. Figure 
4 (a) – (c) and Figure 4 (f) – (h) shows the “box loss”, 
“cls_loss” and “dfl_loss” that correspond to box loss, 
classification loss, and directional focal loss on the 
training and validation dataset respectively. Box loss 
measures how well the model is predicting the bounding 
box coordinates for each detected object. It can be seen as 
the number of epochs increases, Figure 4 (a) – (c) 
decreases illustrating a downwards trend. This means that 
the model gets better at defining the coordinates of the 
binding boxes, improving its ability to detect the 
orientation of the objects along with their presence. 
Though, when considering Figure 4 (f) – (h) it can be seen 
that all three figures see improvement in the box_loss, 
cls_loss, and dfl_loss up to the 46th epochs. This confirms 
the early stop and patience parameter were beyond the 
46th epochs, there was no improvement seen. The change 
in the figures trend indicates a sign of overfitting. When 
the validation loss starts to increase while the training loss 
continues to decrease, it means that the improvements in 
the model are specific to the training data and are not 
improving the model’s predictive ability for new, unseen 
data. 
Figure 4 (d) – (e) shows the precision and recall changes 
through 96 epochs for the validation dataset. Both Figures 
(d) and (e) show a positive and linear trend against the
epochs. Once the training hits the 46th epochs mark, the
precision reaches its highest value of 0.89/1 and 0.92/1 for 
the recall. The training continues all the way to the 96th
epochs where the value of the precision and recall falls to
0.88/1 and 0.91/1 respectively. The precision level shows
that the model, at the 46th epochs is precisely detection
the correct object 89% of the time. On the other hand, a
recall of 92% indicates that the model is able to recall 92% 
of the objects.
Figure 4 (i) – (j) shows the mean average precision and 
the mean average precision at 95% at Intersection over 
Union (IoU). Similar to Figure 3 (d) – (e), the figures here 
look at the average precision per class. In addition, IoU of 
95% is considered a very stringent threshold, it means that 
for a detection to be considered to be a true positive, the 
predicting bounding box must overlap with the ground 
truth bounding by at least 95%. Only detections that 
satisfy this threshold is considered true positive. On the 
46th epochs, the mean average precision at 95 % IoU is 
0.53/1. 

Figure 5: Normalized confusion matrix 
To further understand the model reliability, and to 
visualize the performance of the algorithm, a normalized 
confusion matrix is shown in Figure 5. The matrix shows 
that the model predicted 'helmet' with 99% accuracy 
indicating true positive. Moreover, the 'vest' class has 
been predicted by the model with high accuracy. As for 
'safety shoes', the true positives were 80%, but there were 
some instances where it predicted 'safety shoes' when 
there were none indicating false positives, and some 
instances where it failed to predict 'safety shoes' when 
there were some (false negatives). This can be due to the 
fact that normal shoes may emulate the look of safety 
shoes designs which can lead to false positives. It can also 
be mentioned that there are very few cases where the 
model indicated a 1% of false positives in helmets. While 
this result indicates high precision, it is limited to the used 
dataset. 
The confusion matrix suggests that the model is quite 
effective at predicting 'helmet' and 'vest' classes, is fairly 
good at predicting 'safety shoes', and generally does not 
confuse items with the background. However, there are 
some areas where the model can generate false 
predictions, particularly with the 'safety shoes'. This 
information can be used to refine the model further, 
potentially by providing it with more training data for the 
classes where it is less accurate or adjusting the model's 
parameters. 
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Figure 6: Results of YOLOV8 (m) “Best.pt” model against 
testing dataset 

Figure 6 presents the performance results of the YOLOV8 
(m) “Best.pt” model when evaluated against a testing
dataset to detect various types of PPE. The figure
illustrates and compares the percentage of correct
identifications against the percentage of error across the
six classes discussed before across 300 photos of workers
complying or not in construction sites. All the 300 photos
used for testing were exclusive to the testing dataset and
were not used in the training nor the validation dataset.
The model clearly demonstrates high levels of accuracy in 
detecting the presence of a helmet, with a score of 100% 
and no perceived errors. Similarly, detecting vests 
achieved a 98% accuracy and success rate. The ‘without 
helmet’ category shows a slight decrease in accuracy of 
4% error rate only which could be improved by further 
training the model. However, the model's performance 
exhibits a notable decline in the 'with safety shoes' 
category, with a correct identification rate of 84% and a 
corresponding error rate of 16%. This suggests that while 
the model is highly effective at identifying vests and 
helmets, it finds safety shoes more challenging, which 
may indicate a need for further model training or data 
augmentation in this category specially since safety shoes 
can exhibit a diverse number of models, colours and 
shapes. 
The mAP for the testing dataset can be calculated by 
finding the average of all the precision from the 6 classes. 
A percentage of 95.6 was obtained, indicating a similar 
mAP to the validation dataset. 
The error rates presented in the graph are essential for 
understanding the model's limitations and guide future 
improvements to enhance its predictive capabilities for 
PPE compliance on construction sites. It is important to 
note that since the testing data was only from 300 photos, 
the results cannot be considered reliable. Furthermore, 
construction sites are dynamic with variations in settings, 
lighting conditions and working environment. This 
illustrates the need to diversify the collected data to cover 
wider landscapes of conditions. A possible solution is 

using data augmentation techniques to transform images 
and simulate different lighting conditions. 

Figure 7: PPE detection of sample in-test photo 
Figure 7 demonstrates the PPE detection model’s output 
when using the YOLOV8 (m) fine-tuned model. Each 
class is bounded by a box which states the confidence 
level of the PPE detection. The confidence level 
represents how accurately is the model detecting and 
determining the class of the PPE in use within the 
detection frame. While the testing was only conducted on 
images, the model can be utilized with a high-resolution 
camera to be tested and implemented in real-time 
scenarios. 

Conclusion and Limitations 
This research endeavor has illustrated the core hazards 
within the construction industry, examining the critical 
concerns concerning Personal Protective Equipment 
(PPE) safety standards. It highlights the necessity of 
upholding stringent safety compliance on construction 
sites to mitigate the risk of accidents and enhance worker 
protection. 
Additionally, this study has detailed the capabilities of 
object detection technologies, namely, YOLO technique's 
robust framework. The analysis revealed that the 
YOLOV8 is balanced between precision and 
computational efficiency, particularly when utilizing a 
dataset of medium size to fine-tune the trade-off between 
speed and accuracy. The model's effectiveness at 
identifying compliance with helmet, vest, and safety 
shoes requirements in PPE protocols was notable, 
although it did exhibit a potential for enhancement in 
detecting ‘safety shoes’ class type.  
The model is limited to the collected dataset which 
illustrates a need to increase the size of the training data, 
specifically, safety shoes. In addition, it is worth noting 
that the testing data was limited to 300 images which does 
not necessarily cover all real-world scenarios. Data 
augmentation techniques can further enhance the 
collected dataset to cover wider working conditions in 
construction sites. These insights not only validate 
YOLOV8's utility in practical applications but also 
identify specific possibilities for refining the model to 
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achieve even higher levels of accuracy in PPE detection 
in future phases. 
This stage of the conducted research was limited to the 
development of the AI-based PPE detection system. In the 
forthcoming stage of our research, a case study approach 
can be implemented to further investigate the model 
reliability. The focus will be on evaluating the impact of 
deploying the AI-based PPE compliance monitoring 
system within construction environments in real time. 
This assessment will illustrate the system's efficacy in 
reinforcing adherence to PPE usage standards and 
protocols. Moreover, we intend to conduct a thorough 
investigation into the sector’s behavior in response to the 
system's implementation and acceptance. 
While AI-based PPE compliance monitoring comprises 
privacy, it is essential to consider an ethical framework. 
Construction companies willing to implement this 
technology must obtain consent of workers being 
surveilled and implement anonymity approaches such as 
face blur techniques to preserve the privacy of workers. In 
addition, the reports generated by the AI model should be 
inspected against bias. Decision makers within the 
construction industry must be aware that the intention of 
such systems is to augment manual inspection and not 
replace it. 
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Abstract 

This study assesses the integration of technology in the 
construction sector to address labor shortages. Traditional 
methods show deficiencies in coping with workforce 
deficits. A survey design was employed, utilizing 
exploratory and inferential statistical techniques, 
including a two-step cluster analysis, Spearman's rho, and 
Mann-Whitney U tests, to examine the relationship 
between firm size, technological implementation, and 
productivity in the construction industry. Results indicate 
that larger firms leveraging technology report higher 
productivity. This study's contribution lies in highlighting 
technology's role in mitigating labor shortages and 
enhancing productivity, with implications for strategic 
industry decision-making and policy development. 

Introduction 

The construction industry is currently experiencing a 
severe global labor shortage (AGC, 2022), resulting in 
increased costs and delays in projects. This scarcity of 
skilled workers poses widespread challenges, escalating 
expenses, and prolonging timelines for construction 
projects globally. Addressing this issue is pivotal for 
mitigating its impact on finances and project completion 
timelines (ABC 2023). 
Since the 1980s, the North American construction 
industry has consistently faced a shortage of skilled labor, 
exhibiting cyclical patterns over the past three decades 
(Karimi et al., 2018). This shortage, influencing the 
national economy and citizens' well-being, is tied to the 
overall performance of the U.S. economy, with 
construction demand fluctuating accordingly (Al-Bayati 
et al., 2020). The increased demand for construction 
services has led to a critical labor issue, affecting both 
skilled and unskilled workers, resulting in project delays, 
cost escalations, and compromised project quality. In this 
context, the research conducted by Sadeh et al. (2021) 
becomes particularly relevant. It highlights the industry's 
division into conventional and avant-garde firms in 
response to technological and market changes. Sadeh 
(2023) further underscores the industry's productivity lag 
due to insufficient digitalization, a challenge particularly 
acute for small and medium-sized firms. Additionally, 
Sadeh et al. (2022) reveal the underutilization of Building 
Information Modeling (BIM) in large U.S. construction 
firms, indicating a gap in digital proficiency. These 

studies collectively underscore the need for increased 
technology integration and digital proficiency in the 
construction industry. At the same time, the construction 
labor market's complexity requires a comprehensive 
approach to understand and address these challenges 
(Cheung et al., 2011). Additionally, the Department of 
Labor's concern over the aging workforce and the need for 
approximately 240,000 new workers underscores the 
importance of attracting and training a new generation to 
sustain industry growth and adapt to evolving demands 
(Kim et al., 2020). Despite its substantial contribution to 
global economic development—accounting for 9% of 
GDP and employing 7% to 8.5% of the workforce 
worldwide—the construction industry struggles with low 
productivity and minimal technological advancements 
(Hossain et al., 2020). Global construction spending, 
which reached USD 11.4 trillion in 2018 and is expected 
to rise to USD 14 trillion by 2025, contrasts starkly with 
the industry's mere 1.5% investment in technology in the 
U.S., significantly lower than that of manufacturing
(3.3%) and the overall economy (3.6%) (Changali et al.,
2015). This discrepancy is particularly notable given that
productivity in construction has largely stagnated, in
contrast to the manufacturing sector, which has nearly
doubled its productivity. Contributing to these
performance challenges, as identified by Gupta (2019),
are factors such as regular payment delays, advancements
in technology, labor efficiency, and the availability of
skilled professionals, all of which are pivotal in shaping
the outcomes of construction projects.
In response to the prolonged labor shortage and improving 
production quality, the construction industry is 
increasingly embracing technology. Major firms are not 
only establishing innovation departments and investing in 
new technologies but also conducting on-site product 
testing (Jackson, N.D., 2020). There is a growing interest 
and application in various forms of automation such as 
virtual reality, augmented reality, drones, robotic arms, 
reduced scanning/photogrammetry, and 3D printing, all 
actively researched and utilized, albeit often confined to 
specific projects (Hossain et al., 2020). In addition to 
these technologies, the Internet of Things (IoT), drones, 
and prefabrication are emerging as game-changers due to 
their cost-effectiveness and minimal disruption to 
traditional construction practices, thereby shaping the 
future of construction job sites (Jackson, N.D., 2020). 
Complementing these technological advancements Cai et 
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al.'s research (Cai et al., 2018; Cai et al., 2019) delves into 
the application of automation and robotics in high-rise 
construction, addressing labor shortages and safety risks. 
Moreover, Halder et al. explored the integration of 
inspector assistant quadruped robots (Halder et al., 2023) 
and developed a computational framework for remote 
navigation of these robots, integrating live-streaming and 
AR with BIM models (Halder et al., 2022). Goh et al. 
(2019) conducted a detailed simulation study of modular 
construction operations, known as Prefabricated 
Prefinished Volumetric Construction (PPVC), in 
Singapore. Their work provides valuable insights for 
future applications in offsite construction research. These 
advancements highlight the industry's increasing reliance 
on technology to tackle labor shortages and improve 
productivity. However, the path to technological 
integration is not without its challenges. These include the 
critical task of evaluating the investment value of new 
technologies and overcoming resistance from tradesmen 
who might view certain technologies as inefficient or 
unnecessary (Jackson, N.D., 2020). In addition to these 
practical challenges, the industry faces broader issues 
such as low productivity and limited technological 
progress, especially evident in Digital Twin (DT) 
applications, as highlighted by Opoku et al. (2021). 
Naderi & Shojaei (2022) further underscore the 
complexities of infrastructural projects and the nascent 
nature of digital twins, pinpointing the lack of consensus 
among stakeholders as a major barrier to the adoption of 
infrastructure digital twins (IDTs). To address production 
issues in construction, Antunes et al. (2018) proposed a 
framework integrating automatic supervisory control and 
data acquisition, while also noting the often-isolated 
implementation of information technology and 
automation within the industry. Melenbrink et al. (2020) 
explored the challenges in achieving fully autonomous 
construction in unstructured environments, stressing the 
need for development across all construction task groups 
and coordination between task-specific robots. On the 
sustainability front, Adaloudis et al. (2021) utilized 
grounded theory methods to assess the benefits of 3D 
concrete printing (3DCP), with a focus on balancing 
environmental, economic, and social sustainability 
aspects. Their research indicates that firms are 
increasingly motivated to invest in technologies like 
3DCP to enhance automation and address skilled labor 
shortages. Furthermore, Liu-Lastres et al. (2022) analyzed 
the causes and effects of the Great Resignation, 
concentrating specifically on labor shortages in the 
construction industry and proposing various strategies to 
manage these challenges effectively. 
The primary aim of this study is to investigate how 
construction firms are utilizing technology to navigate the 
challenges of labor shortages and how this strategy 
influences their operational dynamics. It is driven by two 
core research questions: First, it seeks to understand the 
ways in which technology is leveraged to address labor 
shortages within the construction industry and how this 

approach interacts with variables such as firm size, project 
type, and productivity to shape the firms' operational 
profiles. Second, it examines the impact of technology 
usage on the productivity of construction firms, exploring 
the potential for a notable relationship between the size of 
these firms and their levels of productivity. These 
research questions will provide insights into strategic 
decision-making and policy development in the face of 
labor shortages. 

Research Questions 

RQ1: How are construction firms leveraging technology 
to address labor shortages, and how does this strategy 
interact with firm size, project type, and productivity to 
define their operational profiles? 
RQ2: How does the use of technology to mitigate labor 
shortages affect the productivity of construction firms, 
and is there a relationship between the size of these firms 
and their productivity levels? 
Hypothesis 2A (Firm Size and Productivity) 
• H1: There is a monotonic relationship between firm

size and productivity in construction firms.
Hypothesis 2B (Technology Usage and Productivity) 
• H1: There is a statistically significant difference in

the median productivity scores between construction
firms that use technology to mitigate labor shortages
and those that do not.

Methods and Materials 

The methodology is comprised of the design and 
implementation of a survey instrument as a component of 
a comprehensive electronic questionnaire. The 
questionnaire was developed based on an extensive 
literature review to assess workforce development within 
the construction sector and was formed as part of a 
broader research initiative. In the comprehensive survey 
conducted, a total of thirty-seven questions were 
presented to participants, encompassing demographic 
information, organizational insights, and practices, as 
well as technology adoption strategies. However, for the 
scope of this article, focused analysis was conducted on a 
subset of these questions that directly contribute to our 
examination of workforce development challenges and 
the role of technology in mitigating labor shortages within 
the construction sector. These questions were selected 
based on their direct relevance to our research objectives, 
which underscored their importance in addressing the 
core themes of our investigation. The rationale for 
focusing on these questions is further supported by their 
potential to illuminate the key dynamics of workforce 
development and technology integration in the 
construction industry. The first section contained 
multiple-choice questions related to the demographics of 
respondents and company profiles. The second section 
comprised closed-ended yes/no questions and Likert scale 
items ranging from 1 to 5. The respondents were asked to 
rate the productivity of both their craftsmen and office 
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personnel. Additionally, they were also questioned about 
their adoption of technology as a strategy to counter labor 
shortages. For those affirming the use of technological 
solutions, the survey further delved into identifying the 
specific types of technologies being employed. Prior to its 
distribution, a pilot study was conducted to evaluate the 
validity and reliability of the survey questions, ensuring 
the instrument's effectiveness in accurately capturing the 
relevant data. Based on the findings, certain questions 
were revised or removed. Data collection occurred over a 
three-week period at CM Expos and job fairs organized 
for construction management students on three university 
campuses across the United States, located in Virginia, 
New York, and California. These events attracted 270 
companies, including both national and regional 
contractors, and provided a valuable opportunity for data 
gathering. The process was designed to secure a 
representative sample of the industry. The questionnaire, 
however, was only distributed to around 125 construction 
firms, of which 92 responses were received, and 86 were 
complete and deemed suitable for analysis, resulting in a 
response rate of 73.6%. Based on the research goals and 
questions, appropriate exploratory and inferential 
statistical techniques were employed and analyzed using 
SPSS 29. A two-step cluster analysis was conducted for 
Research Question 1, while Spearman's rho and Mann-
Whitney U were used for Research Question 2. The 
demographics of the respondents and the companies’ 
profiles are shown in Tables 1, 2, 3, 4, and Figure 1 below. 
Most of the firms were commercial contractors with 
revenues encompassing $500 million per year.  

Table 1:Roles of Respondents 

 Role Frequency Percent 
Project Manager 20 23.3 
Field Engineer 6 7.0 

Project Engineer 17 19.8 
HR 10 11.6 

Superintendent 6 7.0 
Executive Leader 25 29.1 

BIM Specialist 2 2.3 
Total 86 100.0 

Table 2: Experience of Respondents 

Duration Frequency Percent 
Under 5 36 41.9 
6 - 10 14 16.3 

11 - 15 10 11.6 
16 - 20 6 7.0 

21 + 20 23.3 
Total 86 100.0 

Table 3: Firm Size 

Employees Frequency Percent 
1 - 49 7 8.1 

50 - 249 26 30.2 
250 - 499 20 23.3 
500 - 999 15 17.4 

1000+ 18 20.9 
Total 86 100.0 

Table 4: Project Type 

 Type Frequency Percent 
Commercial 50 58.1 
Residential 8 9.3 
Heavy Civil 15 17.4 

Mix-Use 8 9.3 
Institutional 5 5.8 

Total 86 100.0 

Figure 1:Firm Type 

Results and Discussion 

Usage of Technologies in the Industry (RQ1) 

Figure 2 below shows the types of technologies that 
construction contractors are utilizing to mitigate the 
impact of workforce labor shortages. 

Figure 2:Technology Type 
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Drones and Prefabrication are the most widely adopted 
technologies, both at 58.9%. This suggests a significant 
trend in the construction industry towards automating and 
streamlining processes. Drones can be used for surveying, 
monitoring job sites, and ensuring that projects are 
progressing as planned while offsetting tasks usually 
performed with manual labor. Prefabrication indicates a 
shift towards constructing parts of buildings in a 
controlled environment before being transported to the 
site, improving efficiency, and requiring less on-site 
labor. Wearable technology emerges as another 
significant contributor, with 43.8% of industry 
professionals integrating it into their operations. This 
category includes advanced gear such as exoskeletons, 
which alleviate physical strain on workers, and smart 
helmets that enhance operational efficiency through real-
time data delivery. The integration of such technology not 
only compensates for labor deficits but also promotes 
worker safety and productivity. Both Geographic 
Information Systems (GIS) and Augmented/Virtual 
Reality (AR/VR) are being utilized by 35.6% of 
respondents. GIS is used for planning and managing 
construction projects, while AR/VR can be used for 
training purposes and to visualize projects before they are 
built, which can reduce the need for rework and thus the 
demand for additional labor. Further, Robotics are being 
used by 27.4% of the respondents. Robots can perform 
tasks such as bricklaying, welding, and even more 
complex construction activities, which helps to alleviate 
the need for skilled labor. At 21.9%, 3D printing 
technology is adopted by a fifth of the respondents. This 
technology can be used to create building components or 
even entire structures with less manual labor required. 
Lastly, Digital Twin technology, while currently the least 
adopted at 16.4%, holds a significant promise for the 
future of construction and represents a significant 
undeveloped potential. This technology creates a virtual 
replica of physical construction sites, allowing for 
meticulous planning, real-time monitoring, and 

maintenance which, in turn, can lead to a more efficient 
allocation and utilization of labor. 

Firms’ Segmentation and Operational Profile (RQ1) 

The two-step cluster analysis was utilized to categorize 
firms into five distinct groups, leveraging the inherent 
groupings that arise from variations in key variables 
within the dataset. This analysis considered four 
variables: Firm Size; Technology Usage, which indicates 
whether firms employed technology to mitigate labor 
shortages; Project Type; and Productivity, a continuous 
variable that measures the output of craftsmen and office 
personnel, including project managers, estimators, 
schedulers, and project engineers. The analysis resulted in 
five unique clusters as shown in Figure 3, with Figure 4 
providing a graphical representation of the relative 
distribution of these clusters based on the four variables. 
Cluster 1, accounting for 17.4% of the sample, included 
medium-sized firms with 250-499 employees. These 
firms uniformly utilized technology and primarily 
engaged in heavy civil projects, recording a productivity 
total of 6.93. Cluster 2, which accounted for 15.1% of the 
firms, consisted mainly of small firms with 1-49 
employees. Most of these firms did not use technology 
and focused on commercial projects, achieving a 
productivity total of 6.00. Cluster 3, representing 24.4% 
of the sample, included medium-scale commercial 
technological firms with 500-999 employees. These firms 
had a complete adoption of technology and closely 
matched Cluster 1 in productivity total with 6.95. Cluster 
4 comprised 25.6% of the firms, including small-to-
medium-sized firms (50-249 employees) that fully 
adopted technology and specialized in commercial 
projects, with a productivity total like Cluster 3 of 6.95. 
Finally, Cluster 5, which included very large firms with 
over 1000 employees, formed 17.4% of the sample. Most 
of these firms were technology users focusing primarily 
on commercial projects and showed the highest 
productivity total of 7.47. The segmentation indicated by 
the results is marked, with firm size, technology adoption, 

Figure 3: Grouping of Clusters 
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project type, and productivity levels acting as 
distinguishing characteristics. Clusters 3, 4, and 5 
demonstrated a strong technological integration, 
suggesting a trend towards digital transformation, 
especially among medium to very large firms. Clusters 1 
and 5, which include the larger firms, reported higher 
productivity totals, implying a possible link between firm 
size and productivity, potentially attributable to 
economies of scale or greater resource investment in 
adaptation and process optimization. Notably, Cluster 2 
stands out as the sole group where most firms did not 
embrace technology, coinciding with the smallest firm 
size and the lowest productivity, highlighting the critical 
influence of technology adoption on productivity. 
The analysis of predictor importance, presented in Figure 
5, provides valuable insights into the relative impact of 
each variable on the cluster assignments. Firm Size 
emerged as the most significant predictor, suggesting that 
the number of employees is a fundamental factor in 
differentiating the clusters. This emphasizes the role of 
firm size in operational practices, as well as its potential 
influence on the adoption of technology and the types of 
projects undertaken. Following in significance was 
Technology Usage, which stands as the second most 
critical predictor. This underscores the influence of digital 
adoption on how firms are classified, reflecting the 
centrality of technology in shaping business operations 
and productivity within the industry. Project Type also 
played a moderate role in the clustering, indicating that 
the nature of projects—whether commercial or heavy 
civil—has a discernible, though lesser, effect on the 
grouping of firms compared to size and technology usage. 
Productivity, while relevant, was the least influential 
predictor in the clustering process. This suggests that 
productivity, as a performance metric, does not contribute 
to cluster differentiation as strongly as the other variables, 
potentially because it is impacted by firm size and 
technology usage to an extent that limits its independent 
variation across clusters. 

Figure 4:Relative Distribution of Clusters 

Figure 5: Predictor Importance 

Impact of Technology on Productivity (RQ2) 

In the context of examining the impact of technology 
usage on the productivity, the construction firms, 
particularly as a strategy to combat labor shortages, the 
Mann-Whitney U test provides a non-parametric means 
for assessing whether the median productivity scores 
differ between technology-using firms and non-
technology-using firms. This test is particularly apt for 
situations where the data does not satisfy the assumptions 
necessary for a traditional t-test, such as non-normal 
distribution or ordinal measurements, as is the case with 
the sample for this study. The analysis incorporated 72 
firms, shown in Table 5, that reported using technology to 
mitigate labor shortages, compared to 14 firms that did not 
employ technology for this purpose. The Mann-Whitney 
U test results revealed a mean rank of productivity of 
46.19 for the technology-using firms, with their 
cumulative ranks summing up to 3326.00. Conversely, the 
non-technology-using firms exhibited a lower mean rank 
of 29.64, with a summed rank of 415.00. The marked 
disparity in the mean ranks suggests that firms engaging 
in technology tend to report higher productivity. The Z-
score associated with the test statistic was -2.341, which 
indicates that the observed ranks are 2.341 standard 
deviations below the mean rank sum that would be 
expected under the null hypothesis of no difference 
between the groups. Crucially, the asymptotic 
significance (two-tailed) value was 0.019. This p-value is 
indicative of the probability of obtaining the observed  
results, or more extreme, under the null hypothesis that 
there is no difference between the two groups' median 
productivity. Since the p-value is less than the 
conventional alpha level of 0.05, the null hypothesis can 
be rejected at the reference confidence level. This implies 
that the difference in productivity ranks between firms 
using technology and those that do not is statistically 
significant. Therefore, the statistical analysis suggests a 
clear association between the implementation of 
technology and increased productivity among 
construction firms. The implication of this finding is that 
technology usage appears to be an effective measure in 
addressing labor shortages within the industry, as 
evidenced by the higher productivity rankings among 
firms that adopt technological solutions. This conclusion 
aligns with the ongoing narrative within the sector that 
technology not only serves as a stopgap for labor deficit 
but also enhances operational efficiencies and outputs. 
These results can guide industry stakeholders in decision-
making processes regarding investments in technology to 
combat the pervasive challenge of labor shortages. 

Impact of Firm Size on Productivity (RQ2) 

This analysis sought to determine the relationship 
between firm size and productivity within the 
construction industry. Utilizing Spearman's rho, shown in 
Table 6, to measure the strength and direction of 
association between these two ordinal variables, we 
observed a correlation coefficient (rho) of 0.215. 
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Table 5:Mann Whitney Test 

Technology Usage N Mean Rank Sum of Ranks Mann-Whitney U Wilcoxon W Z Asymp. Sig. (2-tailed) 
Productivity Yes 72 46.19 3326.00 310.000 415.000 -2.341 0.019 

No 14 29.64 415.00 
Total 86 

a. Grouping Variable: Technology Usage

This positive correlation, while weak, indicates that larger 
firms tend to have slightly higher productivity levels. 
Notably, this association was statistically significant (p = 
0.047), suggesting that the observed relationship is 
unlikely to have occurred by chance. Therefore, we reject 
the null hypothesis in favor of the alternative hypothesis, 
concluding that there is evidence of a monotonic 
relationship between firm size and productivity in the 
population from which the sample of construction firms 
was drawn. Given the sample size of 86 firms, these 
findings provide some evidence that firm size may be a 
factor in productivity outcomes in the construction sector. 
However, given the modest strength of the correlation, 
further research should explore additional variables that 
might influence productivity more strongly. 

Table 6:Spearman's rho Test 

Firm 
Size 

Productivity 

Spearman's 
rho 

Firm Size Correlation 
Coefficient 

1.000 .215* 

Sig. (2-tailed) . .047 
N 86 86 

Productivity Correlation 
Coefficient 

.215* 1.000 

Sig. (2-tailed) .047 . 
N 86 86 

*. Correlation is significant at the 0.05 level (2-tailed). 

Conclusion 

The comprehensive analysis presented in this study offers 
important insights into how construction firms are 
leveraging technology to mitigate labor shortages and the 
subsequent impact on productivity. Particularly, the 
study's findings underscore the prevalence of 
technological adoption across the construction sector, 
with a particular emphasis on drones and prefabrication as 
leading strategies. The data suggests a strong relationship 
between firm size, technology usage, project type, and 
productivity, with larger firms demonstrating an 
inclination towards higher productivity levels, potentially 
reflecting the benefits of economies of scale and enhanced 
resource allocation. 
The segmentation of firms into five distinct clusters 
highlights the nuanced ways in which these variables 
interplay to shape operational profiles within the industry. 
Firms that embrace technology, particularly those of 

medium to large scale, show a clear trend towards higher 
productivity totals, reinforcing the narrative that digital 
transformation is a key driver of efficiency and output in 
the face of labor challenges. In contrast, the standout 
characteristic of the smallest firms—many of which have 
not adopted technology—correlates with the lowest 
productivity scores, emphasizing the pivotal role of 
technology in enhancing productivity. Empirical findings 
from the Mann-Whitney U test and Spearman's rho 
analysis further validate the hypotheses set forth at the 
outset of the study, i.e., confirming a statistically 
significant difference in productivity between firms that 
utilize technology and those that do not, as well as a 
positive correlation between firm size and productivity. 
However, the study's conclusions are offered with the 
acknowledgement of several limitations. The method of 
data collection, primarily through university job fairs, 
could potentially introduce a selection bias. This is 
because firms participating in these fairs might be 
inherently more inclined towards innovation and 
technological advancements, while leveraging 
employment shortages, possibly skewing the sample 
towards more technologically progressive companies. 
Another key limitation lies in the reliance on self-reported 
data, which carries an inherent risk of reporting biases, as 
firms might tend to overestimate their productivity or the 
impact of their technological implementations. Lastly, the 
cross-sectional design provides a snapshot that cannot 
capture the dynamic nature of technology adoption over 
time. Despite these limitations, the findings suggest that 
the construction industry is actively adapting to labor 
challenges through technology, and the high response rate 
reinforces the reliability of this conclusion. This research 
has significant implications for industry stakeholders, 
suggesting that investments in technology are not only a 
viable response to labor shortages but also a critical 
component of enhancing overall firm productivity. The 
study’s insights are valuable for informed strategic 
decision-making and policy formulation aimed at 
improving growth and sustainability within the 
construction sector. Future research should aim to build 
upon these findings, exploring the broader implications of 
technology adoption and firm size on productivity, with 
an eye towards identifying other contributory factors that 
could further refine our understanding of these complex 
dynamics. 
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Abstract 
Digital building logbooks (DBLs) are designed to provide 
a platform to ease data sharing among stakeholders 
between and beyond the architecture, engineering, 
construction and operation (AECO) sectors. However, 
there is a gap in understanding among stakeholders 
regarding their roles and the overlaps and differences in 
the data they need. With the findings from qualitative 
research, the paper provides a new framework to DBL 
stakeholder mapping that facilitates the identification of 
stakeholders necessary for effective data exchange and 
efficient decision-making at different phases across the 
building lifecycle. This approach defines the roles of the 
stakeholders as data providers, data users or both, 
providing an initial impression to how building data can 
be sourced into and out of the DBL. The paper ultimately 
demonstrates the relevance of building data for all 
identified stakeholders, emphasizing the importance of a 
cross-sectoral involvement in DBLs. 

Introduction 
The European goal to increase the current renovation rate 
of 0.4-1.2% to 3% has been challenged by several barriers 
(Gómez-Gil et al., 2022). One such barrier often 
overlooked in literature is the lack of building data. 
The limitations in the availability, reliability and storage 
thereof have been viewed as recurring impediments in the 
decarbonization of the built environment; namely when 
evaluating the real state of buildings, measuring 
decarbonization progress, advocating the urgency of 
retrofits, and during decision-making for planning 
renovation and maintenance (Monzón & López-Mesa, 
2018; Blum, 2009; Talamo & Bonanomi, 2015).  
The lack of building data sees great urgency, though it has 
rarely been addressed in literature (Gómez-Gil et al., 
2022). While there is a continuous inflow of new building 
data, there still seems to be a lack of data particularly on 
the existing building stock. Gomez-Gil et al. (2022) 
describe the problem of data loss and unavailability as a 
“multidimensional problem which affects all scales: local, 
national, and European”. Locally at municipal level, it is 
still a problem in European member states that the issuing 
of construction and renovation licenses is paper based, 
increasing risks of information loss and limiting 
possibilities of information processing and sharing. 
Where old but digital data is available, they are “available 
in spreadsheets or flat tables [and] linkages between them 
[are] not possible” (Formosa & Pace, 2022).  
To provide an indication on the potential extent of the 
shortage in building data, the Housing Europe 
Observatory (2023) reported that dwellings built before 
the oil crisis in the 1970s accounted for 25-67% of the 

total stock in the 27 European countries studied. It can be 
deduced that if data and information on these dwellings 
are available at all, the likelihoods of them being dated, 
out of context, one-off, not in digital or easily changeable 
formats, (very) partially covered and/or has adopted a 
questionable research methodology are significantly high. 
What should be stressed here is that the existing housing 
stock exceeds that of the new in most developed countries 
(Housing Europe Observatory, 2023). For instance, in the 
Netherlands, new constructions account for less than 1% 
of the existing housing stock each year (Centraal Bureau 
voor de Statistiek, 2023a, 2023b). This means that today’s 
existing housing stock will account for at least 70% of the 
total building stock in 2050. Therefore, decarbonizing the 
available housing stock should be prioritized when 
concerning the 2050 climate goals.  
To overcome building data loss and to increase the data 
accessibility and interoperability, Digital Building 
Logbooks (DBLs) were first introduced at the European 
level to address the fundamental issue of data loss and 
unavailability that is grounded on the asymmetric and 
obsolete way of data collection by all relevant 
stakeholders involved (Gómez-Gil et al., 2022). The DBL 
is designed to record and trace every change made to a 
building across its lifecycle, including but not limited to 
changes in ownership, tenure or use, maintenance and 
refurbishments. It is intended to be a dynamic tool that 
enables improved logging, management and accessibility 
of all data, information and documents on buildings. For 
that purpose, it holds “administrative documents, plans, 
description of the land, the building and its surrounding, 
technical systems, traceability and characteristics of 
construction materials, performance data such as 
operational energy use, indoor environmental quality, 
smart building potential and lifecycle emissions, as well 
as links to building ratings and certificates” (European 
Commission et al., 2020, p. 12).  
The proposal to use the DBLs to promote and design 
building renovation processes, on the other hand, is recent 
(Gómez-Gil et al., 2022). It was recognized in the 
Renovation Wave Strategy as an autonomous tool to 
contribute to “create better conditions for staged 
renovation[s]” (European Commission, 2020). From what 
started off as a digital repository, DBLs have since 
evolved to bear the capacity to convert building data into 
actionable information for all relevant stakeholders. 
Essentially, the DBL is founded on the grounds that all 
information and data stored in DBLs are easily shared 
between and beyond the stakeholders of the architecture, 
engineering, construction and operation (AECO) sectors.  
However, the built environment and construction sector 
are traditionally fragmented with the immense numbers of 
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stakeholders involved. These stakeholders often have 
conflicting interests; the difference in information needs, 
use of data and purposes is inevitable. Data that is relevant 
and of value to every stakeholder involved is often 
unavailable in one place and a systematic approach to 
organizing and managing it is largely missing. The 
challenge thus lies in the gap in the understanding among 
stakeholders of the overlaps in the data they need in 
common, as well as the significance of their roles in DBLs 
and the larger ecosystem. 
This paper therefore aims to address the gap in 
stakeholder understanding in the context of building data 
in DBLs, emphasizing the importance of cross-sectoral 
collaboration in data collection and sharing. This paper 
results in a new framework mapping DBL stakeholders 
that clearly highlights the importance of engaging 
stakeholders from both within and beyond the AECO 
sectors to ensure that: (1) the DBL is used at its full 
capacity, (2) reliable data is available and can be accessed 
in DBLs and (3) stakeholders recognize the urgency for 
cross-sectoral collaboration in data collection and sharing. 

Research Methods 
The research involved a literature review and qualitative 
research, in addition to the synthesis of the results from 
the two methods through stakeholder mapping. 
To understand the scope of all internal and external 
stakeholders involved, this paper first builds on the 
findings from several EU studies on DBLs. As a starting 
point, the early report on the development of a European 
Union framework for DBLs by European Commission et 
al. (2020) defined and identified the key stages of a 
building lifecycle wherein the role of DBLs is significant, 
as well as 17 stakeholder groups from across the entire 
construction and built environment value chain involved 
in the process.  
This list of stakeholders was refined and categorized in 
the subsequent DG-GROW project led by Ecorys et al. 
[1], which aims to develop a European model for DBLs to 
promote tools and protocols that enable data sharing and 
usage throughout the construction ecosystem. In their 
final report, Ecorys et al. (2023) grouped the stakeholders 
into five main user categories and outlined their potential 
DBL use based on their needs. 
This paper then expands on the initial desk findings 
through two-part qualitative research: a survey 
questionnaire and a series of focus group sessions. The 
online survey questionnaire (65 respondents) was 
conducted to explore the (desired) roles of the 
stakeholders in the various DBL systems.  
The second part of the qualitative research is conducted in 
collaboration with Demo-Blog [2]. Short for Development 
and Demonstration of Digital Building Logbooks, Demo-
BLog is a Horizon Europe funded project which sees to 
cultivate a decision support tool that enables existing 
initiatives to identify optimal sustainability transition 
pathways that are driven by clustered DBL data. It aims 

to further exhibit how DBL data can serve to advance the 
current evaluation strategies for climate and energy 
transition implemented at various levels in Europe. 
Demo-BLog brings together five currently operational 
DBLs in Europe to develop and demonstrate four diverse 
functionalities addressing key societal challenges, ranging 
from ‘quick wins’ to complex industrial transaction 
objectives including circularity. Table 1 provides and 
overview of the five DBLs and its active regions.  

Table 1: The five DBLs studied in Demo-BLog (Grant 
agreement ID: 101091749).  

Name DBL Owning bodies Active regions 
Chimni Chimni United Kingdom 
CLÉA Qualitel France 

CAPSA Chillservices 
Germany, Scotland, 

the Netherlands, 
and Italy 

Woningpas 

VEKA, OVAM, 
Wonen-Vlaanderen 
and Departement 

Omgeving 

Flanders (Belgium) 

Cirdax Re-Use Materials The Netherlands 
and Belgium 

With Demo-BLog, a series of focus group sessions were 
conducted to further identify individual stakeholder 
contributions and significance. The sessions were 
conducted in four regions where the DBLs studied had the 
most influence in: United Kingdom, Flanders (Belgium), 
France and Germany. Table 2 provides an overview on 
how the DBL is positioned in the four study regions.  

Table 2: Overview of the positioning of the DBL in the four 
study regions (Findings from Demo-BLog).  

Study regions Positioning of the DBL 

United 
Kingdom 

The use of a DBL is not mandatory. There 
are six commercial providers* that 
together, at the UK government’s 

instigation, form the Residential Logbook 
Association (RLBA) to bring the DBLs to 

a common standard and promote data 
interoperability.  

Flanders 
(Belgium) 

The use of a centralized, government 
owned DBL, Woningpas, is mandatory for 
all homes in Flanders. It is automatically 

available for all building owners, both 
natural persons as well as businesses.  

France 

The use of DBLs for homes has been 
mandatory for all new buildings since 1 

January 2023. Since then, a DBL must be 
established at moments of construction or 
renovation, equipped with an analysis on 

the environmental impact. 

Germany 

The use of a DBL is not mandatory. In 
comparison to the other regions studied, 

the stakeholders indicated that the lack of 
building data is most severe in Germany.  

*Note that there are other property logbook providers that exist
outside of RLBA.
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The synthesis of the review results and the empirical 
analysis resulted in the subsequent mapping of the 
stakeholders according to the phase(s) of the building 
lifecycle in which they are (potentially) engaged to the 
DBL. The analysis showed that stakeholders can be 
largely categorized into two groups in the context of DBL 
data: data users and/or providers. This approach was 
essential when identifying the type of data exchange that 
is necessary at various points in the building lifecycle, as 
well as how the gaps in data sourcing can be resolved with 
the larger involvement of stakeholders.  

Literature Studies 
DBLs: EU’s solution to data loss and unavailability 
The European Commission et al. (2020) describe that “the 
capturing and maintenance of data and information is the 
backbone of the DBL”. They claim that a systematic, 
well-organized and standardized scheme for data 
collection and storage has the capacity to alleviate the 
following barriers that is observable in the current scene:  
“Firstly, due to the absence of a systematic approach to 
capturing, storing, analysing and organising it, valuable 
data and information are lost. Secondly, the storage of 
data is fragmented and scattered across several 
organisations (and even departments within the same 
organisation). Thirdly, data that is collected and stored 
by one individual actor is not necessarily accessible and 
available to other actors in the value chain.” (European 
Commission et al., 2020, p. 15). 
A DBL is thus designed to improve transparency and trust 
between the various stakeholders involved. 

DBL stakeholders as defined by early EU studies 
Early European studies on DBLs conducted identified 17 
stakeholder groups that are (potential) benefiters and/or 
contributors of DBLs (European Commission et al., 
2020). Table 3 provides an overview of the list.  
Table 3: 17 stakeholder groups as identified by the European 

Commission et al. (2020).  

Stakeholder groups 
Landlords and owner-occupiers (incl. prospective buyers 

and sellers) 
Tenants 

Designers 
Developers 

Construction contractors 
Investors 

Banks and insurers 
Material suppliers (incl. urban miners) 

Facility and building managers 
Demolition contractors 

Public authorities and policymakers (ie. urban planners) 
Real estate agents 

Researchers 
Utilities 

Certifiers 

Lawyers, solicitors and conveyancers 
Valuers 

Lifecycle approach and users of a DBL 
Opportunities for data collection are present at every stage 
of the building lifecycle, and they each exhibit different 
needs of data usage (European Commission et al., 2020). 
Naturally, every stakeholder requires access to accurate 
data that can seamlessly address their needs at different 
points of the building lifecycle. For the AECO sectors —
and any other relevant— to leverage the full potential of 
structured data, the processed information should be 
transferred and available integrally throughout the entire 
building lifecycle. Figure 1 presents the preliminary 
stakeholder mapping in relation to the DBL conducted by 
the European Commission et al. (2021).  

Figure 1: Stakeholder mapping in relation to the DBL 
(European Commission et al., 2021). 

Figure 2 illustrates the simplified building lifecycle, with 
the phases in which the various stakeholders interact with 
the building defined.  

Figure 2: Simplified building lifecycle and the role of the DBL 
(European Commission et al., 2020). 

In the context of DBLs and data, the various phases can 
be grouped to three larger phases (European Commission 
et al., 2020). Firstly, the design, planning and construction 
phases present the prime moment for the collection of data 
on the physical characteristics of the building, including 
information on the materials used and where they are 
located in the building. The collected information can 
then be used to prove compliance with building 
regulations and certification schemes (European 
Commission et al., 2020). Functionalities such as the 
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construction project management can be used to ease 
information sharing between the various stakeholders 
involved, and the primary stakeholders in these phases 
can be said to be designers, architects, developers, 
contractors and material suppliers. 
In the sales and/or leasing, operation and property 
management phases, data collection largely revolves 
around the operation and performance of the building. 
Such data may touch on maintenance, ownership transfer 
and change of use. The processed information can then 
facilitate, for instance, the identification of maintenance 
and renovation needs, the monitoring of user behaviour 
and the tracking of administrative requirements 
(European Commission et al., 2020). The information is 
likewise important for financing, as well as transaction 
underwriting and execution. Key stakeholders include 
building owners, tenants, facility managers, utility 
companies, real estate service providers, energy auditors, 
contractors and the financial sector. 
The repurpose or demolition phases make use of all the 
data collected on the building, its composition and 
materials to support decision making processes when 
strategizing the next best step for the building; be it to 
refurbish, repurpose or demolish, or to optimize or extract 
the most value from recycling the building materials 
(European Commission et al., 2020). Key stakeholders 
include building owners, demolition companies, product 
maintenance service companies and recycling companies. 
Considering the complexity and fragmented nature of the 
AECO sectors, it is evident that the data architecture of 
DBLs should place extra emphasis on the diversity in the 
data source including both legacy systems and state-of-
the-art, the interoperability of the tool, as well as potential 
third party data processing tools and sources.  

Recent findings from Ecorys et al. (2023) 
In the subsequent DG-GROW project, the stakeholders 
that were identified by the European Commission et al. 
(2020; see Table 3) were grouped into five main user 
categories as can be seen in Table 4 (Ecorys et al., 2023). 
Table 4: Five user categories as identified and defined by DG-

GROW (Ecorys et al., 2023).  

User categories Primary use of a DBL 

Governmental 
agencies (GA) 

To obtain insights for policymaking, 
the issuing of licenses and 

enforcement of regulation and 
disaster management 

Construction sector 
(CS) 

To obtain building-related 
information on the design and build. 

Building owners 
(BO) 

To collect information about their 
buildings for exploitation and 

maintenance purposes. 

Financial 
institutions (FI) 

To perform analysis based on 
formulas to gain insight into the 

assets market and its developments 

and gain an understanding for 
building transactions. 

Utility companies 
(UC) 

To obtain information on the 
connections of utilities to the 

building and the analysis of its uses, 
and provide information related to 

building use or performance. 

The study later developed to creating user journeys of the 
five user categories that highlights the (potential) use of 
the DBLs of each category. The exemplified user journeys 
of the four user groups can be seen in Figure 3.  

Figure 3: The exemplified user journeys of the four user 
categories and their potential use of the DBL (Ecorys et al., 

2023). 
A key finding that is significant in this study is that some 
stakeholders, in this case the CS, BO and UC user 
categories, are seen as both data users and providers. This 
multiplicity in the roles of the stakeholders at different 
phases of the building lifecycle in the DBL system 
provides a new light to the research on DBLs, that the 
two-way interaction between stakeholders and the tool, 
and the need for stakeholders to proactively engage with 
the DBL to ensure that the data stored therin is updated, 
accurate and remains valuable. 

Survey Findings 
We conducted a survey among those stakeholders 
identified from available literature —including but not 
limited to building professionals, building owners, data 
owners, government agencies— to identify the 
requirements, functionalities and benefits that are relevant 
to the stakeholders; for instance, data, equipment and 
technology, standards, and benefits such as 
decarbonisation, cost efficiency, resource allocation and 
access to trusted and traceable information. Table 5 
provides a breakdown of the survey participants.  

GA CS BO FI UC

Define 
problem

Look up 
statistics

Research 
reason stats.

Form solution

New policy

Renovation 
request

Look up 
history of 
building

Make new 
design

Handover to 
contractor

Upload new 
data

Maintenance 
signal for 

renovation

Look up 
maintenance 

history

Request 
proposal for 
maintenance 

service

Execution of 
maintenance 

work

Upload new 
maintenance 

status

Look up 
formulas

Look up 
datasets

Connect 
dataset with 

formula

Calculate

Visualise 
results

New utility 
supply 
request

Look up 
current utility 

data

Make design

Create new 
connection

Upload new 
data

Steps in user journey Potential DBL use
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Table 5: Breakdown of survey participants in stakeholder 
groups.  

Stakeholder group % 
Landlords and/or leaser 5 

Owner-occupiers 18 
Tenants (Lessees) 5 

Architects and designers 5 
Developers (Real-estate) 2 

Banks and/or insurers 1 
Building material suppliers 2 

Facility and/or building managers 2 
Valuers 1 

Certifiers 3 
Researcher 20 

Public authorities 11 
Policy makers 4 

Other*: 21 
*Other stakeholder groups as indicated by the respondents
include DBL providers, service designers, data(base) companies
and providers, as well as IT developers.
Findings from the survey that is relevant to this paper can 
be largely categorized into two themes: data collection 
and data accessibility. On the former, the survey helped 
prove a valuable hypothesis; while stakeholders can 
benefit as users of the tool and the data therein, they can 
simultaneously play the role of data providers. Though the 
level of responsibilities across the data fields may differ, 
building owners, public authorities, building experts, 
financial institutions, and both public and private registers 
are perceived as equally valuable (potential) data 
providers for the efficient collection of building data.  
For instance, homeowners, construction contractors, 
architects and facility managers are not only identified as 
crucial data providers for their role in updating every 
change made to the homes into the DBL, but are equally 
active data users when assessing and planning the 
necessary retrofit works. Government authorities can 
provide access to public databases that would supplement 
the data in the individual DBLs, while policymakers need 
the overview of the housing stock to efficiently distribute 
resources. Financial institutions, in contrast, would be 
active data users for efficient valuations of homes and 
encourage a wider roll out of DBLs in the market.  
The survey also emphasized on the importance to note that 
the role of the stakeholder as data providers is not one-off. 
To ensure that the building data provided by the DBL is 
up to date, the regular revisions of building data is 
fundamental, imposing that the continuous engagement of 
the relevant stakeholder to the DBL throughout the entire 
building lifecycle is crucial.  
When concerning the issue of data accessibility, the 
survey identified a list of third parties that could and/or 
should be granted access to (part of) the data a DBL holds. 
Several stakeholders raised here include buyers, 
architects, energy advisors, notaries, material and utility 
suppliers, estate agents, property lawyers, enterprises, 

financers, assurers, housing advisors and service 
providers. It can be deduced from this list that 
stakeholders across the entire construction and built 
environment value chain should orbit around the DBL, for 
the benefit of greater overall sectoral transparency, value 
chain integration, innovation and circularity.  

Focus Group Sessions 
Findings from both literature and the survey were 
thereafter employed in the composition of the focus group 
sessions with key stakeholders from four DBL-active 
regions: United Kingdom, Flanders (Belgium), France 
and Germany. Participants for the sessions were gathered 
through consultations with the DBL providers. 19 key 
stakeholders were identified as crucial contacts in the 
implementation and development of the DBLs across the 
four regions. Table 6 identifies the location and domains 
of the focus group participants.  

Table 6: Breakdown of focus group participants. 

Location Participant Stakeholder domain(s) 

United 
Kingdom 

1 Quality scheme 
2 Quality scheme 

3 DBL provider and DBL trade 
body 

4 Energy accreditation scheme I 

5 Energy accreditation scheme II 
and energy professional 

6 Independent climate organization 

Flanders 
(Belgium) 

1 Government climate agency I 
2 Government climate agency II 
3 Homeowner association 

France 

1 DBL provider 
2 DBL provider 
3 Certification scheme 
4 Consumer association 

Germany 

1 DBL provider 
2 Building professional (academia) 

3 Independent consultant and 
surveyor 

4 Climate professional 
5 Independent organization 
6 Energy innovation community 

The aim of the focus groups was to study the optimal DBL 
performance in the respective regions. Part of the session 
was reserved to further distinguish individual 
contributions and significance of the stakeholders relevant 
to the operational DBLs and construction systems of the 
four regions. This was conducted in the form of a 
collective stakeholder mapping exercise, where 
participants of various domains in the study region 
collaborated in creating the matrix together. 
From the focus group sessions, it was deduced that the 
differences in the language, operations and organizations 
of the construction sector, as well as the legal framework 
of a specific geographical region influence the defining 
and mapping of DBL stakeholders to a large extent. The 
variance in the regional positioning of the DBL and the 
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developments of the tool in relation to the implementation 
and technological levels, public awareness and locally 
available tools —such as public databases and energy 
accreditation schemes— naturally increased the 
complexity in identifying and defining relevant DBL 
stakeholders in the different practical environments. 
Ultimately, the survey questionnaire and the focus group 
sessions collectively identified 38 stakeholders that are 
used in the subsequent mapping exercise, as can be seen 
in Table 7.  
 

Table 7: 38 stakeholder groups identified from the qualitative 
studies.  

Stakeholder groups 
Owner-occupiers Real estate agents 

Architects and designers Investors 
Construction contractors IT providers 

Certifiers Local authorities 
Public authorities Public waste agency 

Policy makers Guarantee bodies 
Facility and/or building 

managers 
Distribution network 

operators (DNOs) 
Landlords and/or leasers Renovation advice providers 

Researchers Service designers (UX) 
Banks and/or insurers Retrofit service providers 

Utility providers Social housing providers 
Building material suppliers Surveyors 

Developers (real-estate) Building safety regulator 
Tenants (Lessees) Competent person schemes 

Valuers Energy data providers 
Demolition contractors Funding party 

Energy experts Maintenance contractor 
Energy suppliers International organizations 

Data companies (inventories 
and registering) 

Lawyers, solicitors and/or 
conveyancers 

DBL stakeholder mapping exercise 
With the information gathered from desk research and 
preliminary analysis, a mapping template was created to 
then compare the results with how the stakeholder roles 
are perceived in practice. Figure 4 (see next page) 
provides an overview of the combined findings of the four 
focus group sessions that was later validated by Demo-
BLog experts.  
The approach to DBL stakeholder mapping proposed in 
this paper builds on the approach undertaken by European 
Commission et al. (2021; see Figure 1). Similarly, the 
mapping of the DBL stakeholders in this exercise is 
likewise two-part: (1) distinguishing the role of a 
stakeholder as a data user and/or provider along the 
horizontal axis of the matrix and (2) identifying the 
phase(s) in the building lifecycle in which the stakeholder 
is engaged along the vertical axis.  
On the former, a data user is defined to be benefiters of 
the building data stored in the DBL. These stakeholders 
need specific data to address specific needs. For instance, 
an owner-occupier may want to observe data on the 

energy consumption of the home to identify energy-
saving practices. A data provider on the other hand 
represents the supply side of the spectrum. Taking the 
same example, the utility providers may either provide 
monthly statements on the energy consumption of the 
home or install meters that provide real-time information 
on the energy use. The significance of stakeholders of 
both categories is also measured in the matrix to 
distinguish the levels of value and contribution per 
stakeholder.  
The phases in the building lifecycle were first defined 
through desk research on the preceding European studies 
as was discussed in earlier sections of this paper, refined 
later with the inputs from the focus group studies on the 
operational aspects of the DBLs in the regions studied. 
Every stakeholder analyzed in this mapping exercise is 
tagged to the relevant region to provide context on the 
difference in stakeholder roles and significance in the 
locations studied. As indicated in the legend, the 
stakeholders raised in the discussion in Flanders 
(Belgium), are tagged in orange, France in blue, Germany 
in green and the United Kingdom in pink.  
Several ambiguities were raised in the validation stage of 
the stakeholder mapping. Conclusions largely orbit 
around a common observation: there is too little overlap 
between the DBL active regions than was hypothesized. 
A number of causes were identified here:  

1. Inconsistencies in the representation of the 
stakeholder groups during the focus group sessions; 

2. The inclusion of personal aspirations rather than 
reflect how the DBLs are used at volume; and  

3. Gaps in terminology due to differences in processes 
and language. 

However, the exercise itself proved that a critical 
reflection into the AECO sectors as well as the legal and 
operational systems in specific regional contexts is 
fundamental when defining the stakeholders of the DBL.  
For instance, the roles of the competent person schemes, 
guarantee bodies and existing renovation advice and/or 
service providers in the renovation phase of the building 
are unique in the United Kingdom, while these roles are 
most likely present in different entities in other regions. In 
Flanders on the other hand, energy experts and the public 
waste agency exhibited great interest in the available DBL 
data in both the pre-use and the end-use phases of the 
building to identify how the (newly) available resources 
can be redistributed.  
Being able to identify how the roles are dispersed across 
unique legal systems and the various steps involved has 
shown to help create discourses around the DBL and the 
possibilities of data sharing among stakeholders of 
different domains. Such discourses are crucial to close the 
gap in understanding among these stakeholders to not 
only increase efficiency in the collection of building data, 
but also the awareness on the significance of their roles in 
DBLs and the larger ecosystem to ensure that the 
collaboration between the sectors is present. The common   

599



Stakeholders that need data
Data users

Pl
an

ni
ng

 a
nd

 d
es

ig
n 

br
ie

f
Re

no
va

ti
on

D
em

ol
it

io
n

M
ai

nt
en

an
ce

Ex
ec

ut
io

n 
/ C

on
st

ru
ct

io
n

Slightly Significantly Slightly Significantly

Stakeholders that feed data
Data providers

Pr
e-

 us
e 

ph
as

e
U

se
 p

ha
se

En
d-

 us
e 

ph
as

e
Po

st
- u

se
 p

ha
se

D
es

ig
n

St
ak

eh
ol

de
r 

M
ap

pi
ng

Li
st

 o
f (

po
te

nt
ia

l) 
da

ta
 u

se
rs

 &
 fe

ed
er

s 
in

 o
rd

er
 o

f i
m

po
rt

an
ce

:

Pu
rc

ha
si

ng
Po

st
- u

se

Co
ns

tr
uc

tio
n 

co
nt

ra
ct

or
s

Lo
ca

l a
ut

ho
ri

tie
s

Ar
ch

ite
ct

s 
an

d 
de

si
gn

er
s

Ar
ch

ite
ct

s 
an

d 
de

si
gn

er
s

Re
se

ar
ch

er
Po

lic
y 

m
ak

er
s

Co
ns

tr
uc

tio
n 

co
nt

ra
ct

or
s

O
VA

M
 m

at
er

ia
l i

nf
or

m
at

io
n

O
w

ne
r-

 oc
cu

pi
er

s
Pu

bl
ic

 a
ut

ho
ri

tie
s

O
VA

M
 m

at
er

ia
l i

nf
or

m
at

io
n

Co
ns

tr
uc

tio
n 

co
nt

ra
ct

or
s

La
nd

lo
rd

s 
an

d/
or

 le
as

er

La
nd

lo
rd

s 
an

d/
or

 le
as

er
O

w
ne

r-
 oc

cu
pi

er
s

O
w

ne
r-

 oc
cu

pi
er

s

O
w

ne
r-

 oc
cu

pi
er

s

Pu
bl

ic
 a

ut
ho

ri
tie

s

Pu
bl

ic
 a

ut
ho

ri
tie

s

Ar
ch

ite
ct

s 
an

d 
de

si
gn

er
s

D
N

O
Pu

bl
ic

 a
ut

ho
ri

tie
s

La
nd

lo
rd

s 
an

d/
or

 le
as

er

M
ai

nt
en

ac
e 

co
nt

ra
ct

or

Co
ns

tr
uc

tio
n 

co
nt

ra
ct

or
s

Te
na

nt
s 

(L
es

se
es

)
O

w
ne

r-
 oc

cu
pi

er
s

En
er

gy
 s

up
pl

ie
rs

Pu
bl

ic
 a

ut
ho

ri
tie

s

Fa
ci

lit
y 

an
d/

or
 b

ui
ld

in
g 

m
an

ag
er

s

O
w

ne
r-

 oc
cu

pi
er

s

Te
na

nt
s 

(L
es

se
es

)

Va
lu

er
s

Re
al

 e
st

at
e 

ag
en

ts

Ba
nk

s 
an

d/
or

 in
su

re
rs

O
w

ne
r-

 oc
cu

pi
er

s

Lo
ca

l a
ut

ho
ri

tie
s

En
er

gy
 e

xp
er

ts

En
er

gy
 e

xp
er

ts

Ce
rt

ifi
er

s

O
VA

M
 m

at
er

ia
l i

nf
or

m
at

io
n

In
ve

st
or

s

O
w

ne
r-

 oc
cu

pi
er

s

Su
rv

ey
or

s

Pu
bl

ic
 a

ut
ho

ri
tie

s

D
em

ol
iti

on
 c

on
tr

ac
to

rs

Ar
ch

ite
ct

s 
an

d 
de

si
gn

er
s

La
nd

lo
rd

s 
an

d/
or

 le
as

er
 

Ar
ch

ite
ct

s 
an

d 
de

si
gn

er
s

O
w

ne
r-

 oc
cu

pi
er

s

La
w

ye
rs

, s
ol

ic
ito

rs
 a

nd
/o

r 
co

nv
ey

an
ce

rs
La

nd
lo

rd
s 

an
d/

or
 le

as
er

Fa
ci

lit
y 

an
d/

or
 b

ui
ld

in
g 

m
an

ag
er

s

Ar
ch

ite
ct

s 
an

d 
de

si
gn

er
s

Co
ns

tr
uc

tio
n 

co
nt

ra
ct

or
s

Bu
ild

in
g 

m
at

er
ia

l s
up

pl
ie

rs

D
ev

el
op

er
s 

(R
ea

l- e
st

at
e)

Ar
ch

ite
ct

s 
an

d 
de

si
gn

er
s

Ar
ch

ite
ct

s 
an

d 
de

si
gn

er
s

Ar
ch

ite
ct

s 
an

d 
de

si
gn

er
s

Ce
rt

ifi
er

s

U
til

iti
es

 p
ro

vi
de

rs

Se
rv

ic
e 

de
si

gn
er

 (U
X)

Ba
nk

s 
an

d/
or

 in
su

re
rs

La
w

ye
rs

, s
ol

ic
ito

rs
 a

nd
/o

r 
co

nv
ey

an
ce

rs

O
w

ne
r-

 oc
cu

pi
er

s

Ba
nk

s 
an

d/
or

 in
su

re
rs

D
ev

el
op

er
s 

(R
ea

l- e
st

at
e)

O
w

ne
r-

 oc
cu

pi
er

s

U
til

iti
es

 p
ro

vi
de

rsRe
se

ar
ch

er

Ar
ch

ite
ct

s 
an

d 
de

si
gn

er
s

D
ev

el
op

er
s 

(R
ea

l- e
st

at
e)

Pu
bl

ic
 a

ut
ho

ri
tie

s

D
ev

el
op

er
s 

(R
ea

l- e
st

at
e)

Co
ns

tr
uc

tio
n 

co
nt

ra
ct

or
s

La
nd

lo
rd

s 
an

d/
or

 le
as

er
 

Te
na

nt
s 

(L
es

se
es

)

Ba
nk

s 
an

d/
or

 in
su

re
rs

Bu
ild

in
g 

m
at

er
ia

l s
up

pl
ie

rs

G
ua

ra
nt

ee
 B

od
ie

s

D
at

a 
co

m
pa

ni
es

Se
rv

ic
e 

de
si

gn
er

 (U
X)

En
er

gy
 d

at
a 

pr
ov

id
er

s

Se
rv

ic
e 

pr
ov

id
er

s 
(r

et
ro

fit
)Po

lic
y 

m
ak

er
s

IT
 p

ro
vi

de
rs

U
til

iti
es

 p
ro

vi
de

rs

IT
 p

ro
vi

de
rs

D
ev

el
op

er
s 

(R
ea

l- e
st

at
e)

O
w

ne
r-

 oc
cu

pi
er

s

La
w

ye
rs

, s
ol

ic
ito

rs
 a

nd
/o

r 
co

nv
ey

an
ce

rs

Pu
bl

ic
 a

ut
ho

ri
tie

s

Se
rv

ic
e 

pr
ov

id
er

s 
(r

et
ro

fit
)

Ce
rt

ifi
er

s

Va
lu

er
s

O
w

ne
r-

 oc
cu

pi
er

s

Pu
bl

ic
 a

ut
ho

ri
tie

s

Pu
bl

ic
 a

ut
ho

ri
tie

s

D
em

ol
iti

on
 c

on
tr

ac
to

rs

Fa
ci

lit
y 

an
d/

or
 b

ui
ld

in
g 

m
an

ag
er

s

G
ua

ra
nt

ee
 B

od
ie

s
Pu

bl
ic

 a
ut

ho
ri

tie
s

U
til

iti
es

 p
ro

vi
de

rs

Re
se

ar
ch

er
Te

na
nt

s 
(L

es
se

es
)

Ba
nk

s 
an

d/
or

 in
su

re
rs

Re
al

 e
st

at
e 

ag
en

ts

Va
lu

er
s

So
ci

al
 h

ou
si

ng
 p

ro
vi

de
rs

Fu
nd

in
g 

Pa
rt

y
Re

nn
ov

at
io

n 
ad

vi
ce

 p
ro

vi
de

rs

Co
m

pe
te

nt
 

Pe
rs

on
 

Sc
he

m
es

N
ee

d 
da

ta
 b

ut
 

no
t c

ur
re

nt
ly

 
us

in
g 

lo
gb

oo
ks

D
N

O
s

Po
te

nt
ia

lly

Co
ns

tr
uc

tio
n 

co
nt

ra
ct

or
s

Bu
ild

in
g 

sa
fe

ty
 r

eg
ul

at
or

Ba
nk

s 
an

d/
or

 in
su

re
rs

Lo
ca

l a
ut

ho
ri

tie
s

Po
te

nt
ia

lly

Po
te

nt
ia

lly

Fa
ci

lit
y 

an
d/

or
 b

ui
ld

in
g 

m
an

ag
er

s

D
at

a 
co

m
pa

ni
es

Te
na

nt
s 

(L
es

se
es

)

U
til

iti
es

 p
ro

vi
de

rs

Po
lic

y 
m

ak
er

s

Bu
ild

in
g 

m
at

er
ia

l s
up

pl
ie

rs

Po
lic

y 
m

ak
er

s

Bu
ild

in
g 

m
at

er
ia

l s
up

pl
ie

rs

Ce
rt

ifi
er

s

Bu
ild

in
g 

m
at

er
ia

l s
up

pl
ie

rs

Pu
bl

ic
 a

ut
ho

ri
tie

s

Ce
rt

ifi
er

s

U
til

iti
es

 p
ro

vi
de

rs
Re

se
ar

ch
er

Bu
ild

in
g 

m
at

er
ia

l s
up

pl
ie

rs

Ce
rt

ifi
er

s

Po
lic

y 
m

ak
er

s

Re
se

ar
ch

er
Ce

rt
ifi

er
s

Va
lu

er
s

D
at

a 
co

m
pa

ni
es

D
ev

el
op

er
s 

(R
ea

l- e
st

at
e)

In
ve

st
or

s

Po
lic

y 
m

ak
er

s

Fa
ci

lit
y 

an
d/

or
 b

ui
ld

in
g 

m
an

ag
er

s

Po
lic

y 
m

ak
er

s

U
til

iti
es

 p
ro

vi
de

rs

La
nd

lo
rd

s 
an

d/
or

 le
as

er

Re
se

ar
ch

er

Fa
ci

lit
y 

an
d/

or
 b

ui
ld

in
g 

m
an

ag
er

s

IT
 p

ro
vi

de
rs

Bu
ild

in
g 

m
at

er
ia

l s
up

pl
ie

rs

Po
lic

y 
m

ak
er

s

Po
lic

y 
m

ak
er

s

In
ve

st
or

s
Re

se
ar

ch
er

Po
lic

y 
m

ak
er

s
Po

lic
y 

m
ak

er
s

Po
lic

y 
m

ak
er

s

Re
se

ar
ch

er

D
em

ol
iti

on
 c

on
tr

ac
to

rs

D
at

a 
co

m
pa

ni
es

G
er

m
an

y
Fl

an
de

rs
 (B

el
gi

um
)

Fr
an

ce
U

ni
te

d 
Ki

ng
do

m
Le

ge
nd

:

Co
ns

tr
uc

tio
n 

co
nt

ra
ct

or
s

En
er

gy
 e

xp
er

ts

Co
ns

tr
uc

tio
n 

co
nt

ra
ct

or
s

Su
rv

ey
or

s

Ce
rt

ifi
er

s

N
ee

d 
da

ta
 b

ut
 

no
t c

ur
re

nt
ly

 
us

in
g 

lo
gb

oo
ks

Co
ns

tr
uc

tio
n 

co
nt

ra
ct

or
s

La
nd

lo
rd

s 
an

d/
or

 le
as

er
O

w
ne

r-
 oc

cu
pi

er
s

Te
na

nt
s 

(L
es

se
es

)
Ar

ch
ite

ct
s 

an
d 

de
si

gn
er

s
D

ev
el

op
er

s 
(R

ea
l- e

st
at

e)
Co

ns
tr

uc
tio

n 
co

nt
ra

ct
or

s

In
ve

st
or

s

Ba
nk

s 
an

d/
or

 in
su

re
rs

Bu
ild

in
g 

m
at

er
ia

l s
up

pl
ie

rs

D
em

ol
iti

on
 c

on
tr

ac
to

rs

U
til

iti
es

 p
ro

vi
de

rs

Re
al

 e
st

at
e 

ag
en

ts
La

w
ye

rs
, s

ol
ic

ito
rs

 a
nd

/o
r 

co
nv

ey
an

ce
rs

Va
lu

er
s

Ce
rt

ifi
er

s
Re

se
ar

ch
er

Pu
bl

ic
 a

ut
ho

ri
tie

s
Po

lic
y 

m
ak

er
s

Se
rv

ic
e 

de
si

gn
er

 (U
X)

D
at

a 
co

m
pa

ni
es

 (I
nv

en
to

ri
es

 a
nd

 r
eg

is
te

ri
ng

)

In
te

rn
at

io
na

l o
rg

an
is

at
io

ns

IT
 p

ro
vi

de
rs

En
er

gy
 e

xp
er

ts

 M
ai

nt
en

an
ce

 C
on

tr
ac

to
r

D
N

O
s

 E
ne

rg
y 

su
pp

lie
rsFa

ci
lit

y 
an

d/
or

 b
ui

ld
in

g 
m

an
ag

er
s

4

1

2

1

27
17

14

O
VA

M
 m

at
er

ia
l i

nf
or

m
at

io
n

3

Lo
ca

l a
ut

ho
ri

tie
s

3

15
14

6
10

8
10

4

13
5

10

3

Su
rv

ey
or

s

2

4
4

7
7

8

2

G
ua

ra
nt

ee
 B

od
ie

s

En
er

gy
 d

at
a 

pr
ov

id
er

s

Se
rv

ic
e 

pr
ov

id
er

s 
(r

et
ro

fit
)

So
ci

al
 h

ou
si

ng
 p

ro
vi

de
rs

Bu
ild

in
g 

sa
fe

ty
 r

eg
ul

at
or

Fu
nd

in
g 

Pa
rt

y

Re
nn

ov
at

io
n 

ad
vi

ce
 p

ro
vi

de
rs

Co
m

pe
te

nt
 P

er
so

n 
Sc

he
m

es

2

2
1

1

2

1

2

1

3
4

Fi
gu

re
 4

: C
om

bi
ne

d 
fin

di
ng

s o
f t

he
 st

ak
eh

ol
de

r m
ap

pi
ng

 w
ith

 k
ey

 st
ak

eh
ol

de
rs

 in
 th

e 
fo

ur
 re

gi
on

s s
tu

di
ed

, v
al

id
at

ed
 w

ith
 D

BL
 e

xp
er

ts 
(O

rig
in

al
 w

or
k 

cr
ea

te
d 

fo
r D

em
o -

BL
og

, 2
02

3)
 

600



consensus established will then positively open 
opportunities to further develop a centralized data 
collection method, a holistic quality scheme for the data 
collected, as well as the interoperability of the DBL that 
provides a secured platform for data sharing. 

Conclusions 
This paper discusses the challenge of stakeholder 
understanding in the context of digital building logbooks 
and calls for a wider discourse around the DBL for the 
cross-sectoral involvement in data collection and sharing. 
This is a crucial and challenging topic because the DBL 
and the EU policies around it are still under development. 
Previous studies indicated that a lifecycle approach to 
identifying DBL stakeholders is key, but the regional 
context must likewise be adequately anticipated to yield 
improved stakeholder engagement.  
The findings of this paper indicate that the existing 
European approaches to DBL stakeholder mapping 
require a more critical approach. This paper therefore 
proposes a more comprehensive methodology which 
involves co-creation between stakeholders of various 
domains across the construction market value chain and a 
mapping matrix to visually represent the DBL stakeholder 
ecosystem that is unique to specific contexts. A key 
takeaway from this exercise is to place emphasis on the 
fact that the engagement of the stakeholder to the DBL is 
two-way, and stakeholders should be viewed as both data 
users and providers. This additional step helps provide an 
indication to the overlaps in the inflow and outflow of 
DBL data among stakeholders, therefore demonstrating 
the relevance of building data for all identified 
stakeholders. 
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Notes 
[1] For more information on the DG-GROW project, see
https://www.ecorys.com/case-studies/technical-study-
for-the-development-and-implementation-of-digital-
building-logbooks-in-the-eu/.
[2] See https://demo-blog.eu/ for more information on the
Demo-BLog project.
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Abstract 

The construction industry is currently undergoing a 
profound transformation in project management, led by 
the integration of Building Information Modeling (BIM) 
and Industry 4.0. BIM is central to modern construction 
project management and is at the heart of this change. 
Slovenian universities have adapted civil engineering 
curricula to equip students with essential digital skills. 
The paper describes in detail the experience in teaching 
BIM and advanced technologies, and thus describes the 
objectives of the subject, competences acquired, teaching 
methods and outcomes. The article emphasizes the 
importance of cutting-edge training and looks at BIM-
based and Industry 4.0 courses. By integrating advanced 
methods into civil engineering education, graduates will 
be equipped with the digital skills they need for their 
future careers. 

Introduction 

Project management is a scientific discipline that is 
present in all sectors of the economy. Over the last decade, 
this field has changed rapidly due to the development of 
advanced technologies. In the construction industry, 
however, the situation is unfortunately not yet as 
advanced in terms of the introduction of digitalization 
(Manyika et al., 2015). Therefore, current efforts are 
focused on research and examples of best practice, 
emphasizing a responsible and lifelong approach to the 
planning and execution of construction projects. At the 
forefront of these efforts is the implementation of 
advanced technologies and methods (Xavier and Jacob, 
2018). A major challenge is the transformation of 
traditional business models, shifting from material-centric 
to information- and digital-centric products, data-driven 
approaches and intellectual business models (Klinc and 
Turk, 2019). In general, this means the digitalization of 
business in the construction sector. 
The introduction of Industry 4.0 principles, technologies 
and methods is enabling transformative advances in the 
construction industry today. To close the digitalization 
gap and drive the construction industry forward, it must 
keep pace with the trends of Industry 4.0 (Klinc and Turk, 
2019). The latest research findings highlight trends such 
as Building Information Modeling (BIM), robotics, 
project management, advanced materials, offsite 
construction, occupational safety, monitoring, green 
building, 3D printing and networked construction sites 
(“Top 10 Industry 4.0 Trends in 2024 | StartUs Insights,” 
n.d.). These innovations are recognized in both academic
and professional circles (Hasan and Sacks, 2021).

The construction sector faces numerous challenges in the 
digital transformation of management processes. Modern 
and advanced technologies are gradually being integrated 
into the entire project life cycle, from planning to 
execution and post-occupancy. It is crucial that future and 
current engineers acquire digital skills. 
Due to the rapid adoption of BIM, many construction 
management (CM) and civil engineering programs have 
added BIM courses to the curriculum or are integrating 
BIM topics into various courses. According to 2013 data, 
54% of construction programs had included BIM courses 
in their curricula, and 52% of BIM materials were 
embedded in traditional courses (Wu and Issa, 2014). In 
the USA, for example, in 2022/23 there are almost 120 
universities that are fully accredited and offer degree 
programs that offer BIM courses as part of the curriculum 
(Morganti et al., 2023).  
Studies dealing with the use of BIM in higher education 
(Wang et al., 2020) provide a comprehensive review of 
the current state of BIM education literature and list 
important journals and conference proceedings in which 
research on BIM education is published. An analysis of 
the bibliometric study in the Scopus database was 
performed (Chihib et al., 2019). For the citations »BIM in 
University« it was found that the development of 
publications in the period from 2003 to 2018 is relatively 
weak compared to BIM worldwide (only 6.4% of articles 
refer to BIM in universities); the distribution by country 
and institution shows that the most productive institutions 
are the USA, the UK and China (46% of all articles). 
Many studies that investigated pedagogical strategies for 
BIM courses show that the two main teaching approaches 
are team-based learning and project-based learning, for 
ACE students (Anderson et al., 2020; Jin et al., 2018; 
Olowa et al., 2022) and for CEM students (Wang et al., 
2022; Zhang et al., 2018). Some studies also propose the 
T-shaped model as a concept for BIM education (Partl et
al., 2023).
Two Slovenian faculties that train civil engineers have 
also recognized the importance of incorporating modern 
content into the study process and have successfully 
integrated it by active learning methods (Lassen et al., 
2018). 
At the Faculty of Civil Engineering, Transportation 
Engineering, and Architecture (FGPA), University of 
Maribor (“UM FGPA-a. 2023,” n.d.), six undergraduate 
programs, four postgraduate programs and three doctoral 
programs are offered in the field of the built environment. 
The undergraduate and postgraduate programs in civil 
engineering and industrial engineering, which are crucial 
for the development of the construction sector, are 
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gradually introducing the principles of BIM approach and 
Industry 4.0. In this, introduction of Industry 4.0 methods 
is particularly important for the business and project 
management aspects of construction projects. 
At the Faculty of Civil Engineering and Geodesy of the 
University of Ljubljana, BIM-related content has been 
part of the study process since 2008 (Šuman et al., 2023). 
After 2010, the first courses dealing exclusively with 
modelling and processes within the BIM approach were 
accredited. The faculty incorporates the topics of 
digitization and automation into various courses in the 
different degree programs. Teaching is implemented with 
integrated problem-based learning (Computer Integrated 
Construction degree course, 2nd degree) and a workshop 
approach, which is primarily used in the undergraduate 
degree courses. Since the 2019/20, the faculty has also 
been introducing the international Master's degree course 
BIM A+ (BIM A+, n.d.). 
This paper aims to provide an overview of the formal and 
nonformal acquisition of digital competences in the field 
of construction management at the FGPA of the 
University of Maribor. It describes how students acquire 
digital competences during the learning process, 
especially in subjects based on the BIM approach and 
Construction 4.0 technologies. Informal methods for 
acquiring digital skills are also outlined. The paper 
concludes with insights into lifelong learning, including a 
brief description of the buildingSMART Professional 
Certification Program (“buildingSMART Professional 
Certification,” n.d.) and the presentation of the Platform 
5.0 project as part of the Recovery and Resilience Plan 
(RRP) (“University of Maribor, Pilotni projekti NOO - 
UM.si,” n.d.), which aims to train workers in the field of 
digitalization and acquire micro-certificates. In this paper, 
experiences from teaching digital skills acquisition in 
construction management are shared with the 
international community and discussions and suggestions 
for improvement are encouraged. 

Formal acquisition of digital competences 

through the study process 

At the FGPA of the University of Maribor, the importance 
of introducing methods and technologies for digitalization 

and automation was already recognized in the 1990s, 
initially within the framework of the Chair of 
Construction Informatics. With the development of ICT 
methods and applications, the importance of their use 
expanded to other areas within the AEC. Significant 
benefits were recognised in construction management, 
which led to the integration of digitalization content into 
the courses offered by the Chair of Construction 
Management, Technology and Economics. These topics 
have been gradually introduced over the last 10 years and 
are taught by competent teachers who keep up to date with 
the latest trends and research findings. Digitalization is 
integrated in most professional subjects and in all elective 
subjects of the 3rd doctoral level. 
Since the 2015/16 academic year, the FGPA UM has been 
offering a BIM (Building Information Modeling) subject 
at 2nd level. This subject introduces the general concept of 
BIM, its role and technologies. Specifically for the area of 
construction management, methods and tools of 
digitization are used as a basis for construction processes 
in further courses at the Chair of Construction 
Management, Technology and Economics e.g. Project 
management in construction, which is carried out in final 
year master students with a background in civil and 
industrial engineering. In addition to BIM-based content, 
topics relating to Industry 4.0 methods and technologies 
have increasingly been covered in recent years. Therefore, 
in the past two years, the chair offers electives such as 
Computer modeling of construction objects in the 1st level 
of study as well as BIM approach in operational 
construction in the 2nd level. In addition, most of the 
chair's courses cover topics related to digitization and 
automation, for example in Safety at construction work, 
Spatial arrangement and advance planning, Maintenance 
and rehabilitation of structures and Rehabilitation of civil 
engineering structures. Figure 1 shows the scheme of 
courses and degrees related to BIM and Industry 4.0 at 
FGPA UM. All courses, with the exception of the general 
BIM course, which is a stand-alone course, benefit from 
the approach of implementing BIM into existing courses 
(Ghanem, 2022) and include basic and advanced BIM 
applications. Electives are labelled (e) and courses in the 
module are labelled (m). 

Figure 1: Scheme of courses and degrees with topics on BIM and Industry 4.0 
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Members of the chair also supervise student theses on 
digitalization topics. Through courses and theses, students 
acquire advanced digital skills, roughly divided into a) 
BIM-supported learning processes, b) learning processes 
with Industry 4.0 methods and technologies and c) theses 
on digitization in construction. The following sections 
present the FGPA's efforts to integrate BIM-based and 
Industry 4.0 topics into the curricula of the 1st and 2nd 
degree programs. 

Integrating the BIM-based approach 

The integration of the BIM-based approach into the study 
process has been underway at FGPA for many years. The 
first working example of BIM was introduced specifically 
for the management of construction projects in the 
2015/16 academic year. These concepts were integrated 
into the subject Project management in construction in the 
2nd degree program, which is offered jointly in two study 
programs: Civil Engineering and Industrial Engineering. 
This year, a 4D and 5D BIM model for a garage building 
in Skopje was created as a working example. In following 
years, the students expanded their knowledge by creating 
4D and 5D BIM models for various building construction 
projects, including a school sports hall, a single-family 
house with associated infrastructure, a commercial office 
building, a two-family house, an apartment building, a 
single-family house with outdoor area and a high-bay 
warehouse. Since the 2019/20, this approach has also been 
used at the 1st degree professional study program Civil 
Engineering, subject of the Operational construction 
module. 
Project work with students on the Project management in 
construction course follows a structured procedure: 
students first familiarize themselves with a basic 3D BIM 
model for a real object and learn about the importance of 
3D model information and its application. They then 
extend the basic model to 4D (construction schedule) and 
5D (construction costs) BIM models. Theoretical 
knowledge about higher BIM dimension levels, i.e. 4D, 
5D and 6D BIM models, is taught in lectures. The project 
work itself is carried out through tutorials and computer-
based tasks, with groups of up to three students working 
together. Selected software tools, including the modules 
of the Trimble Vico Office™ software (“Vico Office,” 
n.d.), the local tool 4BUILD for cost estimation and MS
Project (“Project Management Software | Microsoft
Project,” n.d.) for scheduling, are used to create 4D and
5D BIM models. A more detailed description and a
diagram of the BIM creation process during the study at
the FGPA of the University of Maribor can be found in
the articles in (Pučko et al., 2019; Pučko and Šuman,
2024).
In the 2022/2023 academic year, the students created a 
highly detailed BIM model for a single-family house that 
encompasses both the 4D and 5D dimensions. The input 
data came from a conceptual design that was developed 
using Allplan BIM software. The original 3D BIM model 
was previously created and served as an input model for 
working with students. Figure 2 shows the 3D BIM model 

of the single-family house and illustrates the level of 
detail achieved in this comprehensive BIM model. 

Figure 2: 3D BIM model of a single-family house 

The Vico Office software was used to create the 4D and 
5D BIM models, which does not allow direct import from 
the Allplan program. This led to particular challenges 
when using the basic 3D BIM model, which had to be 
converted via the IFC format. Despite these challenges, 
this was an additional learning opportunity for the 
students to effectively customize the 3D BIM model and 
familiarize themselves with the IFC format. For this 
reason, the subsequent detailed work focused exclusively 
on the basement of the building. 
The creation of 4D and 5D BIM models was carried out 
in groups of two students each, so that a total of six groups 
were formed. Each group was assigned a specific set of 
building elements, which are listed in Table 1. First, the 
groups thoroughly analyzed the elements assigned to 
them, taking into account dimensions, material, 
technology, quantity, etc. They collected input data 
important for estimating unit costs and scheduling, 
including market prices for materials, equipment and 
machinery, as well as average wages and standards for 
labor. 
A 5D BIM model was then created using the Cost Planner 
module. This software offers a significant advantage as it 
enables the direct and bidirectional linking of cost 
information with the 3D BIM model elements. This 
means that every change to the geometry of the 3D BIM 
model automatically updates the associated costs. The 
activities and their sequence were then defined as the 
basis for planning the construction work. 
The software facilitates time analysis by creating a 4D 
BIM model in the Task Manager module. When analysing 
time, the elements of the 3D BIM model are directly 
linked to the activities in the schedule. This approach 
takes into account the links between the activities and the 
allocated resources and provides a comprehensive 
understanding of the time aspects of the project. 

Table 1: Students group number, assigned project tasks and 

visualization of building elements 

# The topic of the project task Visualization (set 
in Vico Office) 
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1 001 Reinforced concrete 
point foundations 

010 Reinforced concrete stair 
foundation 

2 007 Drywall walls 
017 Plastering of reinforced 

concrete basement walls 

3 008 Reinforced concrete 
basement walls 

4 009 Reinforced concrete 
columns-ties 
015 Facade 

5 004 Reinforced concrete base 
plate 

6 003 Gravel filling 
005 Waterproofing 

006 Thermal insulation XPS 
016 Facade waterproofing 

In December 2023, a final presentation of the groups' 
project work took place at the faculty. Each group 
presented the 4D and 5D BIMs they had created (Figure 
3). At the end, the overall result for the execution of the 
basement was also presented to the students as a 
comprehensive 3D, 4D and 5D BIM model (Figure 4). A 
simulation of the construction process was also created by 
the course teacher. This representation of common 4D and 
5D BIM models gives students an insight into the overall 
cost estimate and schedule. 

Figure 3: Final presentation of project work 

Figure 4: Comprehensive 3D, 4D and 5D BIM model 

Integrating methods and technologies of 

Construction 4.0 

Although there is no uniform definition for Construction 
4.0, as can be seen from the literature review (Forcael et 
al., 2020; Jazzar et al., 2020; Perrier et al., 2020), it can be 
summarized that there is a consensus that the introduction 
of Construction 4.0 will not only change the construction 
process, but also the organizational and project structures, 
transforming the dispersed construction industry into an 
integrated industry. Individual disruptive technologies 
that are increasingly being used in the construction 
industry stand out. In recent years, students have become 
familiar with the theoretical starting points of 
Construction 4.0 and acquired individual knowledge and 
practical skills. For example, in numerous subjects, both 
in the 1st and 2nd levels of study, digital content is obtained 
using the technology of data acquisition of the 
environment using a 3D laser scanner. This technology is 
used in the following subjects Safety at construction work 
(1st degree), Spatial arrangement and advance planning 
(2nd degree), and Maintenance and rehabilitation of 
structures (2nd degree). The use of a 3D laser scanner is 
possible for a variety of purposes, such as capturing the 
as-built condition of the environment, ensuring site safety, 
determining work progress and creating a 4D as-built 
BIM model, etc. As part of the subjects listed, students are 
shown how to use a 3D laser scanner and the method of 
collecting point cloud data. Figure 5 shows the point cloud 
data acquired by the students for the selected site as part 
of the Spatial arrangement and advanced planning course 
on 2nd degree of study program Industrial Engineering. 

Figure 5: Acquired point cloud data by the students 

Students also gain from the modern digital content of 
Industry 4.0 through advanced augmented reality 
technologies. With these methods, they acquire 
knowledge and skills to connect a real environment with 
digital elements that enable a 1:1 visualization of the built 
environment. This technology is still relatively new in the 
construction sector and therefore only a few applications 
can currently be demonstrated in practice. However, we 
believe that this technology has great potential and it is 
expected that further innovations will be developed in the 
coming years. Figure 6 shows an example of the use of 
advanced mixed reality in Spatial arrangement and 
advanced planning course on 2nd degree of study program 
Industrial Engineering in the 2022/23 academic year. 
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Figure 6: Use of advanced mixed reality during the study 

process 

Nonformal acquisition of digital 

competences 

Many other nonformal learning activities on the topic of 
digitalization and automation in the construction industry 
are also carried out at the FGPA. These activities include 
student participation in various professional events, 
conferences, trade fairs, excursions, and site visits. 
In terms of student participation in various events such as 
conferences and trade fairs, we would like to highlight a 
2-day professional excursion in 2018 with the
participation of 50 students at the BIM WORLD Munich
Congress (Figure 7-a) (Pučko et al., 2019). In 2023, a visit
to the 33rd International Fair for Construction (MEGRA)
in Slovenia was organized for students (“Megra 2023,”
n.d.), where the students took part in an event entitled An
educational day in the Slovenian construction industry.
Presentations of the latest digital technologies were held
at the thematic lectures (“Chamber of Commerce and
Industry of Slovenia,” n.d.).
In addition, the students took part in an open day in May 
2023 at the invitation of the Protim Ržišnik Perc design 
office. They were introduced to the latest software for 
working in the BIM environment, as used in the office's 
design practice (Figure 7-b) (“UM FGPA-b. 2023.,” n.d.). 
In 2023, various excursions were organised for students 
with visits to construction sites where the BIM approach 
was used for detailed design and during construction. We 
visited the following construction sites with the students, 
among others Second track Divača-Koper railway line 
(Figure 7-c) (“UM FGPA-c. 2023.,” n.d.) and short visits 
to construction site Center Rotovž in Maribor (Figure 7-
d) (“UM FGPA-d. 2023.,” n.d.).

(a) 

(b) 

(c) 

(d) 
Figure 7: a) BIM WORLD Munich Congress, b) open day of 

the project bureau Protim, c) Construction site Second track 

Divača-Koper railway and d) Construction site Center Rotovž 

Maribor 

All these activities help students to broaden their horizons 
and gain a closer insight into how modern techniques and 
methods are applied in the construction process. 

Activities of lifelong learning at FGPA 

Lifelong learning for working graduates on the topic of 
acquiring digital competences has been implemented at 
the FGPA since 2022. This involves running the 
Fundamentals of BIM course, which is offered under the 
auspices of the bSI Professional Certification Program 
(“buildingSMART Professional Certification,” n.d.). 
After completing the course, participants can take an 
exam to obtain a certificate for basic BIM knowledge, the 
so-called buildingSMART Professional Certificate, 
which internationally certifies that professionals are 
highly qualified and recognisably trained in digital 
working methods. FGPA is designated as the official 
training center for the implementation of this program. 
Civil engineers, architects, electrical engineers and some 
students (civil engineering and architecture) have 
successfully completed the course so far. 
From July 2022, a pilot project introducing advances 
digital technologies is also being implemented at the 
FGPA. The project is being implemented as part of the 
Recovery and Resilience Plan (RRP) (“University of 
Maribor, Pilotni projekti NOO - UM.si,” n.d.). The 
University of Maribor is carrying out a total of 23 such 
pilot projects, which are intended to enable a green and 
resilient transition to Society 5.0. At the FGPA, the 
project is called Platforma 5.0 FGPA. The aim of the 
platform is to identify the knowledge and skills required 
to promote sustainable development and digitization in 
study programs over a period of three years. One of the 
aims of the project is also to create modules for lifelong 
learning for professionals who will acquire micro-
certificates after completing the courses. At the same 
time, digital technologies for informatization of education 
will be recognized and implemented, including BIM-
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based and Industry 4.0 content. Upon completion of the 
project, the study programs will be aligned with the needs 
of the economy and society, and students will acquire 
digital skills and competencies for the green transition and 
digitization in addition to the competencies dictated by the 
labor market. 

Lessons learned 

Each academic year, FGPA UM conducts a course 
evaluation survey to evaluate the teacher's grade point 
average and student workload. In the 2022/23 academic 
year, teachers grades for courses with a BIM approach and 
Industry 4.0 content were above average at 1.66 (grade 
range from -2.00 to +2.00). In general, no 1-year or 2-year 
deviations were identified in terms of student workload. 
The deviation was only found in the subject Computer 
modeling of construction objects (+-20%), where students 
felt that there were too many lectures and tutorials, but 
students had more independent work. The course was run 
for the first time this academic year and the results of the 
survey provide a good basis for the direction of the work 
in the future. 
During several years of running courses on the integration 
of BIM and two years of implementing Industry 4.0 
methods in existing courses, we have come to the 
following conclusions: 
● Working with the BIM approach enables students to

better understand the entire construction process, in
particular the specific integration and upgrade of 4D
BIM (time planning techniques) and 5D BIM (cost
estimation approaches)

● The use of interdisciplinary teamwork helps students
to develop their collaboration and problem-solving
skills and increase student engagement to achieve
better results.

● Teachers who actively implement project- and team-
based learning together with their students generally
ensure a higher quality of teaching.

Based on the knowledge gained, organizational and 
structural changes are planned: 
● A new computer classroom should be set up for

practical exercises, equipped with high-quality
computers (for conducting BIM courses, modeling
and simulation) and the necessary equipment for 3D
printing, VR/AR/MR equipment and robots in the
construction industry (Industry 4.0).

● As part of the renovation of study programs at the 1st

level, a stand-alone BIM course should be introduced
to teach the BIM concept and specific modeling
skills. The course could replace the current CAD
course or be offered as an elective.

● BIM software training should be offered to students
and teachers, preferably in collaboration with local
industry, to give students hands-on experience.

● Collaboration between teachers on BIM and Industry
4.0 courses should be encouraged and their education
made possible.

Conclusions

Despite the rapid development of Industry 4.0 methods, 
the construction industry is lagging far behind other 
sectors in terms of digitalization and automation. Project 
management in the construction industry has changed 
significantly with the introduction of modern tools, which 
requires rapid adaptation of learning processes and the 
integration of BIM and Industry 4.0 into university 
curricula. This paper outlines the approach taken at the 
FGPA of the University of Maribor to teach formal and 
acquiring nonformal digital competences, with a focus on 
BIM and advanced technologies of Construction 4.0. The 
emphasis is on providing a comprehensive understanding 
of BIM principles, mastery of the software and practical 
application through project work. Nonformal learning, 
including conferences, trades, and site visits, plays a 
crucial role in students' education, especially in the 
context of the accelerating global digital transformation. 
The implementation of lifelong learning at FGPA through 
courses such as Fundamentals of BIM and the FGPA 
Platform 5.0 project ensures continuous education and 
professional buildingSMART certification for students 
and professionals alike.
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Abstract 

The electronic performance monitoring (EPM) of 
human resources using new technologies increases 
current control methods while introducing ethics and 
moral concerns. In chasing EPM deployments, a 
survey was conducted to diagnose the perception of 
workers and students. The engineers were elected as 
core participants in EPM due to their knowledge of 
both the technology and the field of application. 
Surprisingly, 69% of the 261 respondents were 
unaware of the topic. Results indicate a 56% 
acceptance level (95% confidence level and 6.3% 
error). The research points out the most accepted and 
rejected aspects of EPM, illustrating scenarios and 
alternatives for implementation. 

Introduction 
The industry has been applying numerous innovations 
in electronic devices and wearables to monitor 
workers' performance. Institutions seek to use 
electronic monitoring of human resources to increase 
their financial results (Alder, 2001). Electronic 
Performance Monitoring is about the use of hardware, 
software, and techniques to access and evaluate 
human resources job performance (Alder & 
Tompkins, 1997; Lund, 1992; Oz et al., 1999; Panina 
& Aiello, 2005). The great challenge to electronic 
monitoring is related to trust and security in sharing 
data between workers and employers (Calvetti et al., 
2020; Calvetti, Mêda, et al., 2021; European 
Commission. Directorate General for Research and 
Innovation., 2021; Kelly, 2018; Use of Wearables in 
the Workplace Is Halted by Lack of Trust – PwC 
Research - Press Room, n.d.). Perceiving the people's 
reaction to monitoring is a fundamental part of 
achieving success in implementing technological 
innovation projects (Bhave, 2013; Holland et al., 
2015; Panina & Aiello, 2005; Stanton & Julian, 2002). 
Industrial sectors, such as construction, whose 
financial result is strongly linked to the physical 
performance of human resources, seek to improve 
their control tools in safety, health, productivity and 
quality of services (Calvetti et al., 2022; Calvetti, 
Goncalves, et al., 2021). A worker away from work 
due to accidents or work-related illnesses has a 
negative impact on the performance of companies. 
Work activities with a great need for human physical 
effort and little repeatability have significant 

variability in productivity rates and demand numerous 
processes to control the quality of services. 
In addition to current control methods such as using 
computers (email, internet, etc.), access control by 
badges, and monitoring the use of equipment and 
machines. Electronic monitoring advances in 
analysing location, movements, gestures, and the 
physiological state of workers. Tracking the location 
of each worker in near real-time provides, in addition 
to the analysis of their productive occupation, the 
diagnosis of permanence in areas with safety hazards 
and routes with the risk of being run over by 
machinery and equipment (Bangaru, Wang, & 
Aghazadeh, 2020; Duan et al., 2022; Igwe et al., 2022; 
Jung & Chi, 2020; Ryu et al., 2020). The detailed 
assessment of workers' movements and gestures 
allows for a precise ergonometric analysis, which 
helps analyse occupational health, safety and 
productivity (Bangaru, Wang, Zhou, et al., 2020; 
Yang et al., 2019; Zhang et al., 2019). Collecting data 
regarding the workers' physical state (cerebral 
electrical activity, temperature, pressure, heart rate, 
etc.) makes it possible to assess the physiological state 
(tiredness, fatigue, stress, tension, etc.), which also 
allows for the assessment of performance in health, 
safety and productivity (Ahn et al., 2019; Choi et al., 
2019; Costa et al., 2019; Jebelli et al., 2018; Wang et 
al., 2019). 
However, current technological advances allow for a 
new and vast field of investigation regarding human 
resources performance. Nevertheless, legal paradigms 
and restrictions regarding electronic monitoring must 
be confronted. Realising workers' reactions to 
electronic monitoring is a crucial element in achieving 
successful technological innovations in the workplace 
(Ahn et al., 2019; Maurice et al., 2019; Ryu et al., 
2019; Yan et al., 2018). Because of that, a survey was 
conducted to understand better peoples' reactions to 
electronic monitoring at work. 

Survey sample 
A total of 8914 people received the questionnaire, 
which 8478 - Students of the Faculty of Engineering 
of the University of Porto (FEUP), 16 – Professors of 
FEUP, and 420 - People from the authors’ network 
(mainly from LinkedIn social network). A total of 261 
people answered the questionnaire, which determined 
a response rate of 2.93%. Based on the population 
(8478) and sample (261), within a confidence level of 

610



95% (P = 0.5), the accuracy of the responses reached 
an index of ± 6.3% (Dupont et al., 2017).  
The collected data were tabulated in MS Excel for 
analysis and graphical development. Furthermore, the 
IBM SPSS system was used for the univariate and 
multivariate statistical analysis. Finally, the results 
were discussed by comparing similar research 
conducted by the insurance company AIG (American 
International Group, Inc.) in nine countries with 400 
employees and 250 entrepreneurs in the year 2016 
(Mike Abbott, 2017). 
Young Portuguese students gave the most significant 
number of answers from Engineering in Information 
Technology and Computers, Civil Engineering, 
Mechanics, Metallurgy and Materials Engineering. 
Concerning the education level, 67% of respondents 
are students, and 13% study and work; in effect, 80% 
of the sample is currently a student. It is worth noting 
that the vast majority of these, 58%, attend the 
integrated master's degree, followed by 16% to 
develop degrees, 15% for doctorates and 10% for 
master's degrees. 
Regarding the field of activity 
(academic/professional), it was identified that most of 
the respondents are from technology and computing 
fields, with 43%, followed by 24% of civil 
engineering, mechanics, metallurgical, and materials. 
As for gender, there was 64% of males, 35% of 
females, and 1% of respondents chose not to be 
identified by a specific gender. Moreover, as seen 
previously, the more representative public sampled 
are students who are predominantly young, with 34% 
between 16 and 21 years old and 33% between 22 and 
25 years old. However, the sample represents the 
perception of future engineers who are going to enter 
the labour market in the coming years. Finally, 87% 
of the respondents live in Portugal, and 10% are 
Brazilian residents, among other countries with 3%. 

Results and discussions 
In order to conduct the respondents for real situations 
about the application of electronic performance 
monitoring at work, fourteen situational questions 
were applied. Moreover, two questions sat the 
respondents in the position of the employer and 
twelve as workers. Besides, interviewees' personal 
view-positioning was observed in two questions about 
believing that monitoring their own work is essential 
to improve performance and if the government should 
regulate EPM. Finally, to identify whether the 
respondents already had any knowledge about the 
EPM subject, one question was asked. The results of 
these seventeen questions are presented and discussed 
in the exact order developed in the survey.  
Questions 1 and 3-8 were the types of yes/no answers 
with room for alternative/free opinions. Question 2 
presents different options to agree/disagree as well as 
with room to write a distinguished option. 

Question 1: Do you believe that monitoring the 
progress of activities developed during the workday is 
important for improving your performance? 
Result: Yes 209 (80%), No 52 (20%). It is noticed 
that the great majority understand that monitoring is a 
relevant tool for the improvement of their own 
performance. 
Question 2: By placing yourself in the position of 
EMPLOYER, you would want to use technological 
innovations to monitor. Alternatives: The safety of 
workers; The health of workers; The productivity of 
workers; The quality of services performed by 
workers; Other (field for text insertion). 
Results: As shown in Figure 1, it is perceived that 
respondents would be more interested in monitoring 
order: Safety of workers 200 (77%); The productivity 
of workers 185 (71%); The quality of services 
performed by employees 182 (70%); Workers' health 
155 (59%); Do not monitor 5 (2%). The values in 
safety, productivity, and quality are close, and health 
monitoring is significantly below, with still fewer 
responses contrary to any form of monitoring. 
Compared to the survey carried out by AIG (Mike 
Abbott, 2017), it is observed that the population 
responding has higher interest levels, as for security 
(77%) compared to (59% AIG), productivity (71%) 
versus (55% AIG), and health (59%) versus (55% 
AIG). 

Figure 1: Subjects of interest to be monitored 

Question 3: By placing yourself in the position of 
EMPLOYER, do you believe that in the case of 
applying the monitoring, you should share this data 
collected with the employees? 
Result: No (this information must be exclusive to the 
company) 47 (18%), Yes (I must allow workers access 
to information) 214 (82%). It is noticed that in the vast 
majority, people understand it necessary to share the 
data collected with the workers. The study conducted 
by AIG (Mike Abbott, 2017), evaluated the intention 
to share data of employees and employers, where per 
country: 
● Japan - employees (80%), employers (65%)
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● United States of America - employees (75%),
employers (65%)

● Australia - employees (74%), employers (65%)
● Singapore - employees (76%), employers (69%)
● United Kingdom - employees (74%), employers

(68%)
● Italy - employees (87%), employers (85%)
● Germany - employees (70%), employers (70%)
● China - employees (93%), employers (97%)
● France - employees (66%), employers (76%)

There is an alignment of the sample surveyed 
regarding the sharing of data, mainly countries with 
higher indexes of intention to share, such as Japan and 
Italy. 
Question 4: Do you believe that the GOVERNMENT 
should regulate electronic monitoring at work? 
Result: Yes, 141 (54%), No 107 (41%), Depends on 
the level of monitoring 4 (2%), I have no opinion 4 
(2%), Other responses 5 (2%). Compared with the 
results of AIG's survey (Mike Abbott, 2017), which 
indicated that 89% of employers and 87% of 
employees understand that there should be legal 
regulation of monitoring (Mike Abbott, 2017), the 
rate of only 54% seems low. Because the survey 
sample is predominantly of young students (still out 
of the job market), two hypotheses can be assumed for 
such a low value. Firstly, students still do not 
know/fear the possible persuasive use of EPM. 
Secondly, young people accept electronic monitoring 
more naturally than older generations (employees and 
employers). 
Question 5: By placing yourself in the position of 
EMPLOYEE, would you allow the mapping of your 
location in real-time by the employer? 
Result: Yes, 111 (43%), No 150 (57%). At this point 
in the survey, respondents are confronted with more 
frontal questions about electronic monitoring methods 
at work. Of effect, it can perceive some greater 
reactivity from the respondents regarding EPM, in this 
specific case of allowing the mapping location in real-
time. 
Question 6: By placing yourself in the position of 
EMPLOYEE, would you allow the mapping of your 
movements/motions (trunk, legs, arms, and hands) by 
the employer? 
Result: Yes, 86 (33%), No 175 (67%). Within the 
same analysis performed previously, and specifically 
regarding the monitoring of the movements and 
gestures, the respondents' significant reactivity was 
identified. This sentiment is aligned, for example, 
with the journalistic material published on CNN Tech, 
regarding the controversial patent application by the 
Amazon company with the intention of monitoring 
the workers' arms motions (Kelly, 2018). 
Question 7: By placing yourself in the position of 
EMPLOYEE, would you allow the mapping of your 
physical conditions (electrical activity of the brain, 

temperature, pressure, heart rate, etc.) by the 
employer? 
Result: Yes, 138 (53%), No 123 (47%). Given the 
two previous answers, the monitoring of physical 
conditions reached a higher rate of acceptance. One 
possible hypothesis is that the respondents connect the 
monitoring of physical conditions to health issues, and 
in the opposite, the two before productivity issues. 
However, it should be noted that monitoring these 
physiological aspects could undoubtedly be used to 
assess productivity. 
Question 8: By placing yourself in the position of 
EMPLOYEE, would you feel safe sharing the data 
collected by wearable electronic devices with the 
employer? 
Result: Yes, 143 (55%), No 118 (45%). It is identified 
that more than half of the respondents would trust 
their data to the employer. However, the survey 
carried out by AIG regarding the employees' intention 
to share the data indicates higher indexes of the order 
of 66% to 93% (Mike Abbott, 2017). 
Questions 9, 10, and 11 requested a situational 
opinion, as employees, if they were prone to allow the 
monitoring to receive some rewards. Meanwhile, 
questions 12 and 13 try to perceive awareness about 
safety and health in the workplace. Smartphone data 
collection/analysis is a current issue. Questions 14 and 
15 asked if they would share data from their own 
device and in case of that device was from the 
company. Question 16 puts respondents against the 
wall, asking if their job depends on the acceptance of 
EPM if they would allow it. Finally, in the last 
question, 17 asked if they knew, before that survey, 
about those EPM methods at the workplace. 
Question 9: Regarding the monitoring by means of 
electronic devices and wearables, by placing yourself 
in the position of EMPLOYEE in these situations: "I 
would allow monitoring as long as I received financial 
compensation.". 
Question 10: Regarding the monitoring by means of 
electronic devices and wearables, by placing yourself 
in the position of EMPLOYEE in these situations: "I 
would allow monitoring as long as I received more 
days off as a benefit.". 
Question 11: Regarding the monitoring by means of 
electronic devices and wearables, by placing yourself 
in the position of EMPLOYEE in these situations: "I 
would allow monitoring as long as this would help my 
hierarchical progression in the company.". 
It is noticed that the respondents value more the 
professional career concerning other rewards such as 
financial benefits and days off. The hypothesis that 
can be inferred is that the young public of the sample 
aims to enter the job market and to have professional 
success, not yet realise the relevance of the financial 
benefits and times of rest; see Figure 2, where it is 
highlighted: 33% agree, or strongly agree to allow 
monitoring through financial compensation; 28% 
agree, or strongly agree to allow monitoring by 
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receiving more days off; 44% agree, or strongly agree 
to allow monitoring through a hierarchical 
progression in the company. 

Figure 2: Situation of enabling monitoring in exchange for 
benefits 

Question 12: Regarding the monitoring by means of 
electronic devices and wearables, by placing yourself 
in the position of EMPLOYEE in these situations: "I 
would allow monitoring only for my physical safety 
during the workday.”. 
Question 13: Regarding the monitoring by means of 
electronic devices and wearables, by placing yourself 
in the position of EMPLOYEE in these situations: "I 
would allow monitoring only in the concern to 
improve my physical health during the workday.". 
Figure 3 presents the results. It can be identified that 
the respondents have great motivation to accept 
monitoring for their own safety and health, where 
74% agree or strongly agree to allow monitoring in 
the pursuit of improving physical safety during the 
workday; 68% agree or strongly agree to allow 

monitoring in the quest to improve physical health 
during the workday. 

Figure 3: Situation of allowing monitoring for greater 
safety and health during the workday 

Question 14: Regarding the monitoring by means of 
electronic devices and wearables, by placing yourself 
in the position of EMPLOYEE in these situations: "I 
would allow monitoring of data from my own 
smartphone.". 
Question 15: Regarding the monitoring by means of 
electronic devices and wearables, by placing yourself 
in the position of EMPLOYEE in these situations: "I 
would only allow monitoring data from a smartphone 
provided by the company.". 
Figure 4 presents the results. It is noticed that the 
respondents strongly reject the idea of allowing the 
availability of data on their own smartphones. 
However, when the hypothesis of the smartphone was 
provided by the employer, there was a significant 
tendency of acceptance to share data, where it is 
highlighted that 11% agree or strongly agree to allow 
monitoring of data from the smartphone itself; 50% 
agree, or strongly agree to allow the monitoring of 
smartphone data provided by the company. 
The study carried out by AIG (Mike Abbott, 2017) 
highlights the favourable position of employees in 
using a device provided by the employer, by country 
as forward presented: 
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● Germany (29%)
● Japan (36%)
● United States of America and Australia (38%)
● United Kingdom and France (40%)
● Italy, Singapore and China (56%)

The indices identified in this survey of 50% are above 
the position of several countries, being close to Italy, 
Singapore, and China (56%), countries with more 
favourable indexes. 

Figure 4: Situation of allowing monitoring for greater 
safety and health during the workday 

Question 16: Regarding the monitoring by means of 
electronic devices and wearables, by placing yourself 
in the position of EMPLOYEE in these situations: "I 
would never allow monitoring, even if that would be 
a prerogative to get the job.". 
It should be noted that 55% disagree or strongly 
disagree with the proposed statement, which indicates 
that these respondents in the postulated case would 
accept the monitoring to access/guarantee a job 
vacancy. Only 14% responded by indicating that they 
would withdraw from the job if there were the 
prerogative of monitoring, where the result points out 
that: Strongly agree (7%); Agree (7%); Neither agree 

nor disagree (31%); Disagree (28%); Strongly 
disagree (26%). 
Question 17: Have you had contact or knowledge of 
the use of electronic monitoring systems in the 
workplace? 
Surprisingly, a large part of the respondents (69%) 
only has known about the subject of electronic 
monitoring at work through this survey. In practice, 
only 7% had real-life experience with EPM, and 24% 
knew some piece of information from some news. 
Where the options presented were: No. “I did not 
know the matter.” 180 (69%); Yes. “I've followed or 
participated in projects of this type.” 19 (7%); Yes. “I 
had already obtained information on the subject 
(internet, videos, lectures, etc.).” 62 (24%) 
An EPM level of acceptance is possible by 
quantifying the answers. The questions with answers 
of type "yes" or "no" were quantified on a binary 
scale, been by unfavourable added zero (0), and most 
favourable to the monitoring one (1), where: 
Question: 1; Yes (1), No (0); Question 3; No (1), Yes 
(0); Question 4; Yes (0), No (1), Depends on the level 
of monitoring (0), I have no opinion (0), Other 
answers (0); Questions 5-8; Yes (1), No (0). 
As a criterion for the question of multiple choices 
(question 2), one value (1) was established for each 
selected item. Given a value of zero (0) to the 
indications of not monitoring. In this question, the 
values have variables from zero (not monitor) to four 
(selection of all items), where the safety of workers 
(1), Workers' health (1), The productivity of workers 
(1), The quality of services performed by workers (1); 
Do not monitor (0). 
For situational questions with five alternatives 
(questions 9-15), according to the favourable or 
unfavourable sense of monitoring, the following 
values were assigned: Strongly agree (1); Agree (0,5); 
Neither agree nor disagree (0); Disagree (-0.5); 
Strongly disagree (-1). 
Specifically for question 16, which has an otherwise 
sense of agreement, the values were: Strongly agree (-
1); Agree (-0,5); Neither agree nor disagree (0); 
Disagree (0.5); Strongly disagree (1). 
With this, based on the above-detailed quantification, 
the maximum attainable value (all favourable 
responses) is “19 values”; in counterpoint, the lowest 
possible value (all unfavourable responses) is “-8 
values”. Based on the responses and values, a value 
level was determined for each respondent, see Figure 
5.  
Proportionally, the total spectrum was divided into 
four quartiles. The first is with an index between 0-
25% (Q0), the second between 25-50% (Q25), the 
third between 50-75% (Q50), and finally, the fourth 
quartile between 75-100% (Q75). 
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Figure 5: Acceptance level for electronic sample 
monitoring 

It is observed that 60% of the sample (156 
respondents) is in the Q50 (between 50-75%) of 
acceptance to the EPM. In the top quadrant, Q75, with 
an acceptable level greater than 75%, there are 14 
respondents (5%). In this sense, it is highlighted a 
trend of sixty-five per cent favourable to EPM by 
these populations under analysis. Within Q25 (25-
50%), there are 71 respondents (27%). Furthermore, 
at the lower end, positions totally contrary to EPM, 
only 20 respondents (8%) were found. 
Employing the SPSS software, the values and 
histogram graph, see Figure 6, of the total sample 
were determined statistically. It is observed that the 
average (6.3180) and the median (7.0000) have 
approximate values. The kurtosis value (0.3630) is 
below 0.5, indicating the normality of the distribution. 
However, the marked asymmetry (-0.7500) and the 
mode value (9.0000) accept the values' distribution as 
expected. The value that most represents the 
population under analysis is the median (7.0000). 
Other values are Standard deviation (4.4411), 
Variance (19.7230), Minimum (-8,0000), and 
Maximum (15,0000). 

Figure 6: Samples' histogram distribution of the statistical 
analysis 

With this, a level of 56% acceptance is determined for 
the electronic monitoring of the population under 
analysis. Within a 95% confidence level (P = 0.5), the 

accuracy of the responses reached an index of ± 6.3% 
(Dupont et al., 2017). 
Accounting for the quartiles (Q0 - Q25 - Q50 - Q75) 
and the proportion of their population, Table 1, which 
indicates a higher or lower level of acceptance to 
EPM, it is possible to identify whether parameters for 
the sample characteristics (e.g., age, gender, etc.) can 
guide clusters of individuals. In this sense, 
multivariate statistical analysis was performed 
through SPSS-IBM to cluster the individuals. 
However, no characteristic of the sample was 
identified that was guiding the formation of groups of 
individuals, “more or less” favourable to the 
monitoring. The results and cross-analysis of sample 
characteristics and responses within the four quartiles 
(Q0 - Q25 - Q50 - Q75) are presented below. It should 
be noted that all values were determined to vary 
according to the statistical error of ± 6.3%; see 
exemplification in Table 1. 

Table 1: Acceptance levels for electronic performance 
monitoring 

Quartile Total % 
Lower 
limit 

Upper 
limit 

Q0 20 8% 1% 14% 

Q25 71 27% 21% 34% 

Q50 156 60% 53% 66% 

Q75 14 5% -1% 12% 

Total 261 

Conclusions 
The applied survey allowed a very detailed view of a 
population predominantly of engineers (students and 
workers) regarding EPM at work. Surprisingly 69% 
of the respondents first knew about EPM through the 
survey. The population under analysis is more 
predisposed to accept monitoring to increase safety 
and evaluate health. Also, reward systems (financial, 
days off, and hierarchical advancement) are detected 
as factors that may facilitate acceptance of EPM. 
Raising people's awareness that monitoring makes it 
possible to improve performance can be a facilitating 
method for implementing EPM at work. However, the 
EPM projects' success needs to guarantee data sharing 
security and provide devices for the workers. 
An expressive level of 56% EPM acceptance was 
determined. Within a 95% confidence level (P=0.5), 
the accuracy of the responses reached an index of 
±6.3%, thus delimiting the determined level in the 
range of 49.7% to 62.3%. It is observed that 60% of 
the sample (156 respondents) is in Q50 (between 50% 
and 75%) from reception to monitoring. And that still 
is in the maximum quadrant, Q75, with an acceptance 
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level greater than 75%, 14 respondents (5%). In this 
sense, there is a tendency (65%) in favour of 
electronic monitoring by the population under 
analysis. By how much, at lower levels, within Q25 
(25% to 50%), there are 71 respondents (27%). And, 
with a completely opposite position (a level below 
25%) to electronic monitoring, only 20 respondents 
(8%) were monitored. 
Most respondents, 180 (69%), had, for the first time, 
knowledge about electronic monitoring at work 
through the survey in question. The population under 
analysis is more predisposed to accept monitoring 
when it aims to increase safety and assess health. 
Also, benefit systems (financial and days off) and 
opportunities for hierarchical advancement in 
companies are factors that facilitate the monitoring of 
electronic monitoring. 
Raising people's awareness that monitoring enables 
performance improvement can be a facilitating 
method for including electronic monitoring at work. 
However, it is accompanied by the success of 
implementing transparent information monitoring and 
investment in processes that transmit security to 
workers regarding data sharing. 
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Abstract 

This paper explores how the Trivarsity initiative 
addresses misalignment between AEC education and 
industry needs and its tangible results in showing the 
benefits and advantages for both staff and students of 
incorporating an interdisciplinary, multi-varsity curricular 
development into their European AEC programmes. 
Running annually since 2014, the collaborative BIM 
project has been an action research vehicle for an inter-
varsity, interdisciplinary, collaborative design workshop, 
applying current and nascent digital tools and 
technologies. The constant re-alignment of AEC sector 
education to new, effective ways of working may ensure 
future proofing of educational provision. 
Introduction 

Background 

This paper explores the benefits and advantages for both 
staff and students of incorporating an interdisciplinary 
multi-varsity curricular into their European AEC 
programmes. Effective and conclusive research generally 
provides evidence of what the curriculum in Higher 
Education Institutions (HEIs) should be (Emmitt, 2006). 
Through active participation in the research process, 
professional educators and students become clearer of the 
kinds of competence and attitudes which are critical for 
current and future effective professional performance 
(Schein, 1972). Businesses require graduates who not 
only have the skills to do the job, but who can aid the 
organisation to evolve in the face of continuous and rapid 
economic and technological change (CBI, 2012; 
Government of Ireland, 2019). Construction 2025 
(Department for Innovation and Skills, 2013) reports on 
the future aspirations of the Architecture, Engineering, 
Construction and Owner/operations (AEC) sector, to 
include it being a world-leader in research and innovation 
which embraces Information Communication 
Technologies (ICTs) and smart construction. The NBS 
BIM report surveys the international adoption of digital 
tools and technologies (NBS, 2013; NBS, 2023), 
providing evidence of AEC sector practice now moving 
from the digital to the machine age. In digital 
construction, information is required at the level of data 
across the whole project eco-system. The radical change 

to the AEC sector disciplinary educational model, is in the 
application of the basal skills in practice of implementing 
digital tools, machine learning, and AI, necessitating the 
ability to design, manipulate and modify the (software) 
programming of architectural processes (Scheer, 2014, 
p.124): education needs to explore these innovative and
disruptive developments in practice (nascent and
emerging fields) to remain future-proof.

Methodological Approach 

Research that aims to make projections about the future 
requires a prospective methodological approach (as per 
Ratcliffe, 2008). Through on-going, collaborative 
research between academia, industry and the professions, 
the future (r)evolutionary application of ICTs to 
professional practice across the disciplines in the AEC 
sector may be determined (as per Industry 4.0 (Deloitte 
2020)). Technical knowledge and skill are not enough in 
practice, the participants in a building project must have 
the necessary social skills to work together effectively and 
efficiently (Emmitt, 2010). The implementation of an 
emergent general plan for the integration of Building 
Information Modelling/Management (BIM/M) authoring 
tools and workflow methodologies, and soft skills into the 
curriculum of AEC sector education is challenging - it 
requires a methodological approach to systematically 
review forces for, and barriers to, effective change in 
terms of potential points of entry or intervention into the 
present educational system (Schein, 1972, p.90).  
Action research: the active and interested participation by 
the researchers in the issue and processes being 
investigated so that they can identify, appraise and 
conjecture potential solutions is proposed. The intention 
of action research is to effect a change: knowledge gained 
through reflection on action is used to instigate ongoing 
evolutionary change, and to create knowledge about the 
process of change, the consequences of this change, and 
about the nature of the change itself (Fellows and Liu, 
2008). Action research is complex and is appropriate for 
the study of future collaborative practice to inform 
education.  
In the digital age, AEC sector educational evolution may 
mimic effective development in the I.T. industry, i.e., a 
Dev Ops cycle which is more like a figure of eight ‘cycle’, 
with continuous improvement of the product through 
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feedback, reflection, adjustment, and concomitant 
improvement through the process itself (Kim et al, 2016; 
Kim, Behr and Spafford, 2018). At any point in time the 
product is deliverable but in a constant state of flux in 
terms of the understanding of its development. This is 
predicated on an approach to learning like ‘transformative 
reflection’ (Biggs and Tang, 2011 p.46) which is a multi-
stage collaborative process of: reflect-plan-apply-
evaluate which is then fed back into the iterative 
evolutionary development process. In vocational 
education, a renewed focus on the HEI developer (‘Dev’) 
co-creating course devisal/delivery and effective learning 
mechanisms collaboratively with industry operators 
(‘Ops’), presents a symbiotic learning opportunity (see 
Figure 1 (Robertson, 2022)). All contributors, 
practitioners, educators, learners, and industry innovators 
may collectively test out the possible answers to the real 
world-relevant problems, and interdependently propose 
solutions, ensuring the alignment and interconnectedness 
of ‘Dev’ and ‘Ops’. This adventurous type of learning 
better incubates and develops in students the skills they 
will need to apply professionally, involving activities with 
an element of professional, social, and emotional risk. 
Feedback from activities allow error to be used 
constructively (Biggs and Tang, 2011 p.65) following 
Emmitt and Ruikar’s (2013) recommendation for 
through-project and post-project reflection and learning, 
thus, creating an academic community of reflective 
practitioners (Schön, 1983) and agile and socio-
emotionally intelligent graduates.   
HEI’s current curricular development is often predicated 
on a protracted feedback loop. However, AEC sector in-
house R&D is ‘live’ action research - an iterative feedback 
loop over a continuous two-yearly cycle but with 
opportunities for shorter term change implementation. 
Research-informed change in HEIs is challenged by 
bureaucratic structures and processes, and the reluctance 
to embrace change. A re-framing of change management 
in HEIs to the Dev Ops approach successfully adopted by 
innovatory practices, instigates a revolutionary change in 
professional education enabling it to remain relevant and 
travel in alignment with best practice.   
The researchers demonstrate an analogous DevOps 
approach in the re-framing of the quality assurance (QA) 
mechanisms in their HEIs: the current emphasis on 
declarative (subject-specific) knowledge and threshold 
standards is shifted to include achieving ‘threshold 
concepts’, i.e., functioning (procedural) knowledge which 
informs appropriate action by the learner as 
‘performances of understanding’ (Biggs and Tang, 2011, 
p.81), in order to propose ‘satisficing’ solutions (Simon,
1996) to industry-relevant problems. Practice problems
often involve disciplinary professionals functioning in a
‘silo’ of specialisation, the research collective aim to
bring conflicting ‘silos’ together to develop
collaboratively a solution to the complex problems
presented.

This DevOps approach is how that change may be most 
effectively accomplished in professional AEC sector 
education: as a partnership between active-research-
informed practitioners and up skilled educators. To verify 
and validate HEI provision the learning mechanisms 
incorporate how people work, practice in action, patterns 
in practice, effective methods of action, interpersonal/ 
inter-professional relationships, and societal 
influences/events (like Covid-19) as per Seymour and 
Rooke (1995); Seymour et al (1997).  

Figure 1: (Produced by Irina Vasiliu) DevOps Approach to 

Course Development: An on-going, cyclical process of 

collaborative research and development of the implementation 

of ICTs between HEIs and the industry (Robertson, 2022). 

Reflection on the Cyclical Development of the 

Workshops (2014-2023) 
The workshops started as a vehicle for staff and students 
to learn about building information modelling that was 
being mandated in UK, Ireland and Denmark. As 
educators in AEC, it needed to be addressed, because the 
curriculum was lagging and falling behind governmental 
policy.  The collaboration outlined below started in 2014 
with like-minded ‘change agents’ (Schein, p.72, 1972) 
from academia identifying a ‘specific change target’; a 
collaborative BIM design project. They then instigated a 
change process to simulate 21st century, interdisciplinary, 
professional practice within academia. An inter-varsity, 
interdisciplinary, collaborative design exercise using 
industry-standard BIM/M software has evolved within a 
community of academic experts and practitioners in 
international HEIs.    
In managing this evolutionary change process, the 
ultimate goals are continuously re-examined: it is a 
dynamic and cyclical process reinforced by the change 
agents finding a ‘change role model’ (Schein, p.78, 1972). 
Autodesk, as thought leaders in the evolution of digital 
technologies in the AEC sector, are an apt change role 
model. This is a symbiotic relationship between academia 
and software developers involved in planned change, and 
the learners are a crucial group in the change-agent 
collective: their feedback is pivotal to the success of the 
cyclical development process.    
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The workshop collaborators from industry/practice 
(architectural, structural, environmental and MEP), 
professional education (multi-disciplinary academics and 
students) and software design and development 
(Autodesk) collectively review each workshop to identify 
driving and restraining forces and key barriers to its 
successful adoption into the existing educational system. 
Trivarsity Workshop Development 
The genesis for the workshop came through networking 
during the International Congress on Architectural 
Technology (ICAT) 2013, hosted at Sheffield Hallam 
University (SHU). Educators from SHU, England, VIA 
University, Denmark and Waterford Institute of 
Technology, Ireland (WIT now SETU Est. 2022). A 
common goal, with the onset of BIM mandates/legislation 
across the EU was to collaborate and mimic industry best 
practice utilising BIM methods and methodologies, 
upskilling staff and students in understanding and 
implementation of BIM tools across disciplines. 
Academia-Industry Partnerships (Thomas, 2013) have 
been fostered throughout each workshop with guidance, 
presentations and sponsorship. The first five workshops 
involved the original three institutes with a mixture of 
project types, selected to learn software and processes. As 
the workshop progressed student numbers grew as did the 
disciplines. 

2015 SHU workshop explored authoring the 3D model to 
ease the downstream pricing/scheduling. The student 
groups involved Architectural Technology SHU, Derby 
and Huddersfield and Architectural & BIM Technology 
WIT. 

Figure 2: Infographic of Workshop workflow (Muller, 2014) 

2015 VIA Horsens workshop introduced the discipline of 
“Architectural Technology and Construction 
Management” through the VIA students. This workshop 
used the same base models as the first workshop and 
introduced some remodelling aspects to optimise the 
daylight to the building. Students explored costing, 
external envelope design and daylight analysis. 

Figure 3: Group 6: Design Development and Analysis 

(Chisholm, 2024) 

2016 WIT workshop introduced two new student 
disciplines from WIT; Sustainable Energy Engineering 
who return in 2023 and Quantity Surveying who rejoined 
in 2019 and have continued to be involved with Trivarsity. 
A key aspect of the workshops was introduced at this 
point. “The Prelude” is a period of 2-3 weeks prior to the 
physical workshop where the project and group members 
are introduced. The groups set up the CDE, BEP, MIDP, 
file naming conventions, project programming & roles; 
communicating through collaborative platforms; at this 
point it was BIM 360 and later workshops MS Teams. 
This has since developed to include shared online classes 
run simultaneously across all participating institutes. The 
workshop looked at the design of eight mixed use tall 
buildings to create a new district on Waterford Quay 
focusing on cost, programming, wind & daylight analysis, 
structure, architecture and MEP models. Each group had 
one representative who formed a master planning group 
to coordinate all groups. Figure 4 below shows them in 
discussion and the decisions made on the whiteboard. 

Figure 4: Master Planning Group (Chisholm, 2016) 

2017 SHU workshop integrated industry practitioners as 
a group into the workshop. The principle objective was to 
explore, gain experience of and optimise the co-ordination 
of information between the disciplines on a simulated 
interdisciplinary refurbishment project utilising BIM360 
and Autodesk Glue. Preparation work was undertaken 
during the Prelude. This workshop introduced clash 
detection and resolution to the students. 
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Figure 5: Team C: BIM360 clash analysis (Chisholm, 2024)) 

2018 VIA Aarhus workshop asked the groups to act as 
the design team associated with a design & build 
contractor in a bidding competition against the other 
teams for the design of a new student union building on 
the campus. A brief was set for the client requirements, a 
project programme was to be delivered along with costing 
packages and overall cost. The assessment of the 
workshop shifted from formal presentations to an 
exhibition style which saw each team produce an audio-
visual presentation and two A1 posters, displayed in a 
common area. Refreshments were provided and each 
student and staff member then marked the projects based 
on the Most Economically Advantageous Tender criterion 
set out in the brief. This process has proven to be very 
successful and has carried on throughout all subsequent 
workshops. The benefits are seen in the students 
discussing and reviewing each others work within a social 
environment at the end of the workshop. 

Figure 6: Exhibition & Marking, VIA Aarhus (Chisholm, 2017) 
2019 WIT workshop saw VIA exit and Copenhagen 
School of Design and Technology (KEA) join Trivarsity 
with their Architectural Technology and Construction 
Management students. The WIT quantity surveying 
students took part again. The workshop built upon 
previous experiences with a design project based on the 
design and build tender for a tall gateway tower for 

Waterford Quay. Key aspects of the Trivarsity workshops 
were now in place: the prelude, multi-disciplinary (to a 
point) teams, working in the cloud to BIM standards, 
industry experts presenting, student social event with 
exhibition and marking to cap the workshop. The 
collaboration software had matured and the academic 
staff and students’ knowledge had reached a point where 
the early day set up issues were eradicated. 

Throughout all the workshops students could work 
remotely. This facilitated those who could not travel and 
added a vital aspect of the cloud collaboration experience. 

Figure 7: Group Web call at WIT (Chisholm, 2019) 

2020 SHU, the Covid workshop. With the collective 
experience gained through six Trivarsity workshops in 
cloud-based collaboration running a workshop during 
national lockdowns was not an issue. Tools such as 
Microsoft Teams and Autodesk BIM360 were now 
integrated into the workshops and our individual 
programme teaching. The entire genesis of Trivarsity 
workshops to work to industry best practice was tested 
with great success. The project dealt with a real SHU 
campus project, the proposed “Skills Factory”. For the 
first time shared classes ran during the prelude and the 
workshop. New topics were MEP authoring and 
integrating Dynamo to size ducts. Both SHU & WIT were 
in lockdown, KEA were able to attend the classroom 
which resulted in some interesting dynamics with KEA 
students working in the one space and connected to the 
wider student/staff body via MS Teams. 
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Figure 8: KEA workshop and on the main screen Trivarsity Staff 

and group members reviewing project work (Sá, 2020) 

2021 KEA. Structural engineering staff and students from 
Instituto Superior de Engenharia do Porto (ISEP) joined 
the workshop. This made a significant impact on the 
structural designs and the use of Autodesk Robot within 
collaboration process. The project was for the design of a 
new mixed-use district at Refshaleoen and to include 
building integrated renewables. SHU attended the 
workshop remotely due to travel restrictions. This was the 
largest Trivarsity to date with 16 No. groups comprising 
of 166 students taking part. This was the first Trivarsity 
workshop to be funded via the Erasmus+ Blended 
Intensive Programme (BIP). The BIP requirements 
matched the existing structure of the workshop with a mix 
of online classes and physical workshop. The length of the 
workshop increased from three to five days to include 
cultural aspects such as a river cruise and site visit. 

Figure 9: Group 04, poster presentation (Chisholm, 2024) 

2022 ISEP, BIP funded. Structural engineering staff and 
students joined Trivarsity from WUST, bringing more 
balance to the student disciplines. A comprehensive mix 
of cultural and workshop events were organised across the 
five days. The project was the development of a new 
urban area on the banks of the Douro River. Deliverables 
were consistent with recent workshops with highlights 
being the organised cultural events such as the river tour 
and bridge climb. 

Figure 10: Arrábida Bridge arch climb (Chisholm, 2022) 

2023 SETU, BIP funded. A return to Waterford and of 
SETU sustainable energy engineering staff & students, 
the introduction of Frederick University (FU) architecture 
& engineering students, and staff from ISCTE School of 
Technology and Architecture University Institute of 
Lisbon observing the workshop with a view to joining for 
the next iteration. The workshop consisted of seven 
institutes covering eight programmes/disciplines. The 
project was a revisit to the 2016 project with additional 
requirements to investigate cross laminated and glulam 
structure, environmental and embodied carbon analysis 
with Autodesk Forma and Insight tools. Again, a 
comprehensive mix of cultural and workshop events were 
organised. 

Figure 11: Group 03, poster presentation (Chisholm, 2024) 
Trivarsity Impact on Programmes 
Across all participating institutions the Trivarsity 
Workshops have had a positive effect on curriculum and 
teaching methods. Taking the three longest running 
members KEA, SHU & SETU, the impact can be seen 
in: 

• the early adoption of BIM authoring tools,
management and clash detection tools and the 
integration of these across years and programmes. 

• support by software developers & vendors
• applied knowledge of international standards

embedded into curriculum and programmes
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• development of multi-disciplinary modules,
workshops with their own institutes and locally.

• Senior years mentoring during workshops
• Development of BIM/Digital Construction

focused modules building on the knowledge
gained through Trivarsity

The impact of participation in Trivarsity for ISEP & 
WUST institutes who joined later, is similar but 
enhanced as they have benefitted from the preceding 
years development and body knowledge gained. Key 
effects are: 

• Rapid amendments to curriculum across
bachelor and master’s programmes in areas
such as, digital modelling & technologies, BIM
fundamentals, management, standards &
policies, digital surveying, AR/VR, digital
twins

• Modifications to course delivery to include
collaborative aspects improving teamwork and
leadership skills and an uplift in the quality of
student work.

Examples of didactical effects achieved in 2023 are 
presented in Figure 12 from WUST, utilising the 
software and methodologies from Trivarsity in their 
Bridge Engineering programme. 

Figure 12: BIM model of a 2-span composite bridge 

(Hawryszków and Janicki, 2023) 

Conclusions and Future Development 

The ongoing success of the Trivarsity Workshops 
demonstrates the importance of interdisciplinary 
collaborative role-based teaching to allow students 
practice their discipline specific skillsets whilst gaining 
soft skills in teamwork and collaboration. Throughout 
the workshops skills are transferred between students 
across institutions and disciplines. 
Trivarsity students are succeeding through engagement 
with WorldSkills International Digital Construction 
competitions, with SHU and SETU students winning 
medals at both national and international levels. 
Staff are collaborating on research projects, studying 
PhDs at partner universities and the group have been 
asked to join the recently formed “I Build Sustainable 
and Smart” group. A European wide collective of 
educators with aims to broaden collaboration between 
institutes. One of the aims within the group is to 

disseminate the findings and knowledge gained through 
the Trivarsity Workshops to assist others to collaborate 
in a similar way. 
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Abstract 

Digital Product Passports (DPP) will be inevitable as they 
pursue objectives aligned with the Sustainable 
Development Goals (SDGs). DPP is grounded in digital 
data, enabling integration and traceability throughout life 
cycles and value chains. DPP can play a central role in 
accomplishing twin transitions in construction. A People, 
Process and Technology (PPT) dimensions study aimed 
to fill the knowledge gap between strategies and sector 
visions—the mixed methods integrated approach 
collected data focusing on barriers and opportunities at 
each dimension. Focus groups analysed and clustered the 
results. Despite relevant barriers, construction 
stakeholders see opportunities and recognise the need, 
demonstrating eagerness towards adoption. 

Introduction 

Digital Product Passport (DPP) means a set of data 
specific to a product that includes, at minimum, relevant 
information for performance, environment and waste 
dimensions and is accessible via electronic means through 
a data carrier defined under the EU Ecodesign Regulation 
(European Parliament and European Union Council, 
2022). EU legislation on the Green Deal and Data Act will 
make DPP a reality for different areas of activity in 
Europe and worldwide (Commission, 2022).  
The construction sector is often labelled as highly 
resistant to change (Lines et al., 2015). However, when 
awareness and a concerted change effort are made, the 
sector can behave and perform as one of the best. 
Stakeholders' realisation and perception of barriers and 
opportunities are crucial to anticipate implementation 
problems, better tune the support actions, and provide 
valuable and aligned contributions, fostering smooth 
transitions. This work stems from these assumptions, 
collecting impressions to forecast and support streamlined 
DPP implementation in the construction sector. 
Despite some uncertainties on how the passports will be 
mandated, the objectives they aim to achieve are known, 
especially those concerning environmental targets and 
Sustainable Development Goals (SDGs) (United Nations, 
no date). According to (Munaro and Tavares, 2021), 
product passports are generally seen as a mechanism to 
influence consumer behaviour concerning sustainable 
purchasing and responsible product ownership. However, 
to accomplish this objective, many other aspects must be 
handled, enabling a broad range of services, businesses 
and possibilities and establishing a relevant ecosystem 
that should be anticipated (King, et al., 2023).  

Although recent, the DPP results from continuous work 
that has been ongoing for decades. The stakeholders' 
capacity for new requirements, more digital methods, and 
abilities related to products have been tested with EU-
scale developments in areas such as energy efficiency and 
chemicals. However, there is the intuition that product 
passports might raise some fear across sectors due to the 
introduction of significant changes in how trade is 
processed and how product information is managed 
among all involved in the different value chains. 
Several researchers have devoted their efforts to detailing 
and anticipating implementation challenges surrounding 
DPPs or associated concepts (Byers and De Wolf, 2023; 
Ducuing and Reich, 2023; King, et al., 2023; van 
Capelleveen et al., 2023). However, none have 
approached the topic from a People, Processes and 
Technology (PPT) dimension and grounded in visions 
from industry stakeholders. The motivation for this work 
is based on previous studies where the same research 
design was used to generate an improved understanding 
of the positioning of specific stakeholders regarding the 
use of construction technologies. 
The research topic is the DPP for Construction Products. 
A survey is used as the ground for a mixed methods 
approach collecting quantitative and qualitative data from 
respondents in PPT dimensions. As part of the qualitative 
approach, specific questions for each dimension focus on 
identifying barriers and opportunities. A focus group 
involving the authors and experts analysed and clustered 
the answers and thoughts shared via open questions. The 
results aim to answer the following Research Questions: 
● From the different PPT dimensions, how mature is the

construction sector for DPPs?
● What ideas do stakeholders have regarding the

opportunities and barriers raised by DPPs,
considering the same dimensions?

This research comprises this Introduction followed by the 
research design and methods presentation. A brief 
overview is drawn on the origin and motivations for 
product passports, ranging from several sector 
perspectives to the specific features of the subject under 
investigation: Construction DPP. The survey structure 
and an overview of the quantitative data are presented. To 
end, the analysis of the qualitative results and overall 
discussion point to the conclusions section, where 
answers to the research questions are provided and 
summarised, endorsing the contributions, limitations, and 
paths for future works. 
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Research Design and Methods 

The design for this research is inspired by previous studies 
(Mêda et al., 2020). The reason for using PPT dimensions 
is associated with the imperatives for Integrated Design 
and Delivery Solutions (IDDS), where the use of 
collaborative work processes and enhanced skills, with 
integrated data, information, and knowledge 
management, aim to minimise structural and process 
inefficiencies and to enhance the value delivered during 
design, build, and operation, and across projects (Owen, 
2013). As it will be detailed, this definition aligns with 
what Digital Product Passports aim to achieve. 
Complementary to this is the intuition that DPPs' 
accomplishment contributes to IDDS goals. 
The integrated-use approach for mixed methods, 
according to (Cresswell and Poth, 2018), was chosen to 
perform simultaneously the qualitative and quantitative 
data collection using a survey.   
After receiving the answers (the sample), the authors 
gathered a focus group formed by the authors and four 
experts to discuss the results, assess maturities, and 
analyse the most relevant barriers and opportunities 
identified from the PPT dimensions. Figure 1 illustrates 
the research design detailed above. 

Figure 1: Research Design and method adopted in the study 

Why Passport for Products? 

When addressing a passport, most people understand it as 
a travel document issued by a determined country 
containing relevant information about the person who 
owns it. That information is secured and curated through 
time by authorities and individuals. This experience is 
based on a global standard that facilitates the 
understanding of passport information by all countries 
(Torpey, 2018).  
Free trade and a single market of products and services 
constitute the EU's foundational principles. Over the last 
decades, rules and standards were developed to break 
down barriers to open trade across member states. 
Focusing on the free trade of goods, one of the key 
elements was the definition of a common framework of 
principles and procedures for marketing products 
(Official Journal of the European Communities, 2008). 
This set of rules was summarised on the CE conformity 
marking or "CE mark", indicating that a product meets the 
applicable requirements and has undergone the relevant 
conformity assessment procedures. This label has been 
working as a sort of passport "facilitating the 

understanding" between manufacturers, distributors, 
importers, and other relevant stakeholders across the EU 
and worldwide. 
Performance characteristics were prioritised above all 
others. This was essential for confidence across markets 
and not to overcomplicate, ensuring feasibility and 
widespread implementation. Despite some shortcomings, 
in the construction sector, the process can be recognised 
as a successful (Ecorys, 2018), creating the needed 
background and opening paths to new interests and 
requirements.  
Sustainability and environmental concerns command 
most 21st-century agendas (United Nations, no date). The 
product's characterisation imperatives regarding 
chemicals and energy consumption led the EU to increase 
the requirements and develop tools to disclose energy 
efficiency labels and track and disclose chemicals and 
substances of high concern (Agency, no date; Energy, no 
date). In this respect, and to improve the legal framework, 
the EU proposed a new Ecodesign regulation (European 
Parliament and European Union Council, 2022). The 
objective is to repeal rules currently in force, mainly 
concentrated on energy-related products, broadening the 
scope to a broader variety of products and making them 
more durable, reusable, reparable, upgradable, recyclable 
and less harmful to the environment (European 
Parliament and European Union Council, 2022). The 
proposal establishes performance and information 
requirements, supported by a digital instrument to 
streamline and facilitate data access, management, 
exchange, and traceability throughout the product 
lifecycle: the DPP. The proposal sets the link to specific 
product delegate acts to determine which information 
should be included and the accessibility rules to different 
stakeholders (European Parliament and European Union 
Council, 2022). For the case of most products used in 
construction, the Delegate Act will be the new version of 
the Construction Products Regulation (CPR) 
(Commission, 2022). 
One of the most challenging aspects of this process is 
balancing the requirements with a successful and 
widespread implementation. In this respect and following 
the work developed by (King, et al., 2023), it becomes 
clear for the European Commission that DPP objectives 
must be made more explicit, the administration costs for 
businesses must be anticipated, supported or limited, and 
requirements must be generated on a product-by-product 
basis, being determined in the construction products case, 
by harmonised standards. 
DPPs must be perceived as an industry symbiosis enabler, 
given the amount of data that can be collected and 
managed and the viewpoints and stakeholders that can 
engage. (King, et al., 2023) envisages an ecosystem for 
DPPs detailing the abovementioned aspects without 
focusing on a specific sector or delegated act. Among the 
many challenges identified is the awareness that such an 
ecosystem will operate within constraints (such as 
commercial interests, data quality and data ownership, a 
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variety of sustainability metrics, privacy concerns, legacy 
systems, cost, skills, and current capacity) to achieve the 
sustainability values and goals of societal stakeholders 
(King, et al., 2023). 
In what respects the construction sector, DPPs should be 
additionally envisaged as Digital Twin (DTw) enablers at 
building scale (Mêda et al., 2021), being a relevant part of 
the information structures being prepared to characterise 
built entities (Mêda et al., 2022). Other initiatives 
originating from data-driven and waste perspectives, such 
as data templates, ISO standards, and material Passport 
initiatives, increase the complexity of this already delicate 
ecosystem (Honic, et al., 2024). Formalising the 
discerning concept of passports is crucial, supporting 
decision makers' understanding and stakeholders' 
awareness of the full potential and realising the benefits 
together with the surrounding challenges (van 
Capelleveen et al., 2023). 
The first passport was designed to introduce changes in 
people's identification for the purpose of travelling across 
borders. By doing that, many services and business 
opportunities opened, most of which were not realised 
initially. DPPs are envisaged to pursue similar intentions 
and, most importantly, to enable a transformation in the 
product value chain supported by digital tools. The 
challenges for this endeavour in the construction industry 
are as broad as the opportunities, therefore justifying a 
multidimensional approach such as PPT (Derenzi et al., 
2009). 

Development 

Structuring the Survey 

The survey was structured to suit a wide range of 
respondents. The initial objective was to share it via 
LinkedIn social media. Due to the number of lectures 
given to postgraduate students in different universities on 
DPPs' origin, main characteristics, and objectives 
according to the regulations, it was included as part of the 
teaching material. Google Forms was used as the support 
tool. An account subscribed to by the University of Porto 
was used to fulfil data protection requirements. Fifteen 
answers were obtained from the lectures that engaged a 
universe of sixty professionals. In this respect, 
respondents represent several areas of the construction 
value chain, from the primary sector (raw materials) to 
real estate and facility management, including 
architecture and engineering practice, manufacturing, 
wholesale, and owners. The answers range from six 
different European countries, and, in terms of professional 
practices, one-third has between 5 and 10 years, 26,7 and 
20% has between 10 and 15, and 15 and 20 years, 
respectively. Lastly, 13,3% answered more than 20 years 
of practice.  The survey is organised into five sections, 
promoting a brief explanation and capturing different 
types of respondents regarding DPP knowledge.  
The Introduction and the Data management, positioned at 
the beginning and end, frame the study objectives, and 

collect relevant information regarding the respondents' 
professional experience, background, and geographic 
location. The three middle sections focus, as previously 
framed, on the PPT dimensions, setting a series of open 
questions with short answers and multiple-choice 
questions, where personal evaluations are to be provided 
considering four maturity levels, "Emerging", "Basic", 
"Advanced" and "Expert", with variations on the 
definitions depending on the dimension being questioned. 
Table 1 presents the Process dimension questions as an 
example, as the changes are minor for the People and 
Technology dimensions. 

Table 1: "Process" dimension questions used in the survey and 

presented as example 

Question Type of 

answer 

How do you envisage the PROCESSES involving 
DPPs? (provide an answer based on a meaningful 
example from your perspective: awareness on how 
DPPs are to be structured and how they should be 
used as data providers for different outcomes 
throughout the construction life cycle; providing U-
value of products for energy performance certificate 
issuance, among others) 

open question 
with short 

answer 

Can you provide an example of a process or 
outcome/deliverable that could benefit from the data 
set in a DPP? 

open question 
with short 

answer 
In your opinion, what might be the biggest 
CHALLENGES/BARRIERS at the PROCESS level 
regarding the implementation of DPPs? 

open question 
with short 

answer 
What might be, in your opinion, the biggest 
OPPORTUNITIES at the PROCESS level 
regarding the implementation of DPPs? 

open question 
with short 

answer 
How do you assess the existing PROCESSES for 
STRUCTURING and DELIVERING DATA for 
DPPs. 

multiple-choice 

How do you assess the routines' maturity for the 
DPPs to STREAMLINE PROCESSES during the 
Design, Construction and Use phases? 

multiple-choice 

How do you assess the routines' maturity for the 
DPPs to support PROCESSES contributing to the 
SUSTAINABLE GOALS (LCA, Level(s), others)? 

multiple-choice 

Quantitative Results 

Different multiple-choice questions were prepared for 
each dimension to understand better and assess the 
respondents' maturity and their perceptions of daily 
practices. 
Starting with the People dimension, when asked about 
their impressions of the level of knowledge regarding 
DPP, 42,9% pointed it as "Emerging", 50% as "Basic", 
and 7,1% as "Advanced". The same results were achieved 
for the questions focusing on awareness of the changes in 
EU Regulations that will make DPPs mandatory and how 
different stakeholders realise DPPs' benefits for the value 
chain. 
A different landscape of answers was obtained for the 
Process dimension. When asked to provide a personal 
assessment of the existing processes for structuring and 
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delivering data into DPPs, 42,9% classified them as 
"Emerging", 35,7% as "Basic", and 21,4% as 
"Advanced". Regarding the maturity of the routines to 
streamline DPP processes during the Design, 
Construction and Use phases, 50% considered these as 
"Emerging", 28,6% as "Basic", and 21,4% as 
"Advanced". When the question focused on the routines' 
maturity to support sustainability assessments and goals, 
35,7% considered them "Emerging". The same result was 
obtained for "Basic", and 28,6% classified it as 
"Advanced". These results demonstrate higher maturity at 
the Process level if the scope is sustainability-related 
deliverables. 
Concerning the Technology dimension, and when asked 
to provide a maturity assessment for existing tools to 
support and deploy DPPs, 21,4% considered these as 
"Emerging", 35,7% as "Basic", and 42,9% as 
"Advanced". Regarding the existing technology 
frameworks enabling information exchange for DPPs, 
35,7% considered them as "Emerging", 35,7% as "Basic", 
and 28,6% as "Advanced". The last question impacted the 
data ownership and security topic, namely assessing the 
extent to which these concerns are being anticipated. 
42,9% of the respondents considered them "Emerging" 
and the same percentage as "Basic". 14,3% considered 
them to be "Advanced". 
From the overall view of the results for different 
dimensions, it is possible to state that higher maturity was 
achieved for the questions under the Technology 
dimension. This is not surprising compared to previous 
PPT studies (Mêda et al., 2020). It is relevant to stress that 
interesting maturity levels are observed for some 
questions under the Process dimension. 

Analysis and Discussion 

Quantitative Analysis 

Focus group participants were involved in previous PPT 
studies, meaning there is a knowledgeable but eventually 
biased view of the results. Given the topic's novelty and, 
more importantly, the absence of final decisions on its 
framework and contents, it was already expected to have 
low or 0% answers in all dimensions for the "Expert" 
maturity level. 
It is worth noting that the lowest result obtained for 
"Advanced" in the Technology dimension is associated 
with data ownership and security, revealing stakeholders' 
concerns about how these issues are being safeguarded 
and explained. Still, in this dimension, it is interesting to 
observe the differences between the results of existing 
tools supporting and deploying DPPs and those enabling 
the exchange of DPP information. Respondents recognise 
that improvements must be made on the second.  
From the dimension results, it is impossible to clearly 
state that Processes and People are falling far behind. 
When questioned on the routines' maturity to provide 
outcomes at the sustainability level, a relevant percentage 
of inputs was given for "Advanced". This situation may 

indicate that respondents recognise how the processes are 
aligned to provide these outcomes. In contrast, it might 
raise concerns about the inability to see how processes 
will handle others. Associated with these results might be 
the knowledge of systems and processes to deliver this 
type of outcome and how they need to be adjusted to 
accomplish the aimed integration. The people dimension 
lies behind all questions, namely if we look at the 
percentages obtained for the "Advanced" level. However, 
this confirms how awareness is needed. Complementing 
the legal picture of DPPs, such actions should focus on 
increasing the stakeholders' maturity where the lowest 
results were obtained. 

Focus Group - Qualitative PPT Analysis 

The first exercise consisted of grouping and clustering the 
answers for each dimension according to barriers and 
opportunities. At the Process and Technology levels, 
additional questions were made to improve how 
respondents see DPP implementation outcomes. These 
will be described as additional elements. 
Starting with the People dimension, the lack of skills is 
identified as a constraint, confirming results from 
quantitative data collection. The absence of clear 
guidelines, reaction to change, the perception of the 
resources needed to systematise data, and concerns about 
data overflow can be highlighted as relevant bottlenecks. 
On the other hand, respondents clearly perceive how 
productivity can be raised with DPPs. As well as 
opportunities for business and innovation with a strong 
focus on sustainability. It is interesting to note that, from 
a professional perspective, DPP skills are envisaged as a 
relevant knowledge asset. 
Looking at the Process dimension from the barrier's 
perspective, several concerns are raised regarding the cost 
of deploying and curating DPPs. Aside from the cost of 
technology (development/acquisition), respondents 
expressed concerns about the cost of changes at the 
process level and the human resources competencies 
needed. The requirements in terms of new processes, 
compliance with legacy systems and innovations and 
processes to ensure data quality and validity are also 
pointed out. On the opportunities side, the productivity 
gains, the timing for integrating processes, and the vision 
of how transactions and comparability can be streamlined 
are the topics respondents demonstrate higher confidence. 
From the Technology dimension, the investment costs 
needed for new tools, the adaptation, when possible, of 
legacy systems and the management and update over time 
raise concerns. Interoperability, data security, and 
ownership are also aspects pinpointed as hurdles. From 
the opportunity's perspective, the data access, continuity, 
and the recognition of a data-driven approach as the 
background for digitalisation are the most recognised. 
Some respondents already forecast Artificial Intelligence 
(AI) developments to bring added value. In contrast, 
others strengthen how this can constitute an unparalleled 

629



opportunity to improve and widespread information 
management systems in construction.  
These results prove that some barriers and opportunities 
range from more than one dimension; in some cases, they 
are common to the three. This vision steered the focus 
group discussions to produce the answers to the research 
questions.  

Discussion on Barriers 

Figure 2 clusters the main barriers framed within the 
dimensions and their overlap. From the core to the 
boundaries, the main concerns expressed by respondents, 
ranging from the PPT dimensions, are those associated 
with the costs, data collection and quality assurance. This 
aligns with some of the issues raised by EU entities 
regarding the final text for the regulations, where 
improvements are needed. However, their 
implementation should be feasible, scalable, and 
widespread at all levels. When looking at the overlap 
between People and Process, the perception of DPPs' 
value and the development of guidelines, standards, and 
supporting documentation are identified as the main 
barriers. In this respect, it is recognised that awareness 
actions and real use cases are needed as demonstrators and 
facilitators of the potential contributions of using DPPs. 
The idea is that these must, in the first moment, 

concentrate on the already identified goals, namely the 
ones associated with sustainability. 
Notwithstanding, other topics should be presented, 
namely those that use the same data. This will provide an 
improved perception of the DPP value, not just for new 
requirements but also for the long existing ones, such as 
structural resistance or thermal behaviour. When looking 
at the identified potential constraints targeting the Process 
and Technology dimensions, the systems curation through 
time, hosting resources, update requirements, lifelong 
operation, and integration with legacy systems stand out. 
As all respondents have a professional practice, this result 
may derive from past experiences with systems 
replacement. This was pointed out in some answers. 
Establishing the framework and systems for DPPs must 
consider the objectives and all the relevant legacy tools 
and processes to accommodate the integration needs as 
best as possible. In addition, the framework should 
assume an incremental vision to accommodate more 
requirements and evolutions through time. 
When looking at the aspects set in a single dimension and 
starting with Technology, interoperability, security, and 
ownership management constitute the main barriers. 
Respondents expressed the need to consider all the 
existing knowledge and systems architecture devoted to 
interoperability issues. When looking at DPPs from a 
multi-sector perspective, this aspect raises many concerns 

Figure 2: Main barriers clustered at People, Process and Technology dimensions 
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as several stakeholders are developing tools in silos. In 
construction, the topic is more safeguarded due to 
Building Information Modelling (BIM), meaning that 
developments can be built from the prescriptions set in 
BIM standards.  This link and consensus favours 
overcoming the ownership and security of data issues. 
However, the DPP case will need new stakeholders, 
profiles, and restrictions. From a Process dimension, 
respondents pointed out three main barriers associated 
with the need to establish new processes or adapt existing 
ones, as well as the potential for failure from SMEs, given 
the dimension and demand underlying this 
transformation. The capacity to transform, keeping as 
much as possible or introducing effortless innovations, is 
a critical challenge common to most endeavours. In this 
case, and considering that most construction product 
manufacturers are SMEs, where some are very small, it is 
necessary to be aware of ways to support these structures 
to deliver successfully.  
Finally, when looking at the People dimension, 
respondents identify some barriers when discussing 
innovation, namely reaction to change and lack of skills. 
The data overflow concern, the incapacity to collect and 
manage all properties for various products, is part of a data 
challenge that deserves in-depth research. This topic is 
associated with the lack of resources. In the present 

practice, many resources are wasted searching for data 
and keeping it in the head for some time to avoid getting 
lost during the processes. This somewhat "mental 
traceability" must be shifted by improving the ability to 
search faster and knowing where to access data or where 
it is stored in larger quantities. This is to say that, despite 
data overflow being a reality and an issue to prevent, 
misjudgements can, to some extent, blur this topic. 

Discussion on Opportunities 

Following the approach used for barriers, Figure 3 
presents the landscape of DPP opportunities. Data 
integration, trust, and transparency stand out by ranging 
all dimensions under discussion. From the answers, it is 
observed that respondents understand relatively well the 
role of DPP and, more importantly, the transformations 
that it can bring to the construction sector if well 
implemented. Aligned with this are productivity gains and 
efficiency, also mentioned as joint opportunities. Only 
two aspects were identified as sharing two dimensions, 
one for People and Technology and the other for 
Technology and Process. Starting with the first case, an 
ample opportunity is imagined for the sector from data-
driven developments, with many answers detailing the 
importance in having tools that manage and exchange data 
with a common understanding. Somewhat related is the 

Figure 3: Main opportunities clustered at People, Process and Technology dimensions 
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other aspect, where respondents highlight the process 
integration as a game changer.  
From a single-dimension vision, the identified 
opportunities are related to developing new tools and 
applications, namely information management systems 
that can support and efficiently administrate rich data 
environments. In this respect, many respondents pointed 
out the prospects in AI as essential to speed up and support 
data management. The last aspect mentioned by 
respondents reinforces the topic by highlighting the 
opportunities deriving from access to more organised and 
broader amounts of data. In the Process dimension, many 
answers focus on how the DPP-associated processes 
constitute an opportunity to find data better, increase 
comparability capacity, streamline transactions, and 
automate information exchanges. The results are very 
interesting because examples supporting these topics are 
provided, including all the construction process phases 
and the life cycle value chain. The expressed changes 
envisaged for the comparability opportunity from design 
to construction or during the bidding process were 
highlighted. The other topic mentioned is the unforeseen 
uses and processes. These answers reveal, to some extent, 
how the DPPs motivate and engage stakeholders. This 
enthusiasm must be used to tackle barriers previously 
addressed in the People dimension. Respondents state that 
improved marketing and faster decisions can occur in this 
respect. Some pointed out that new businesses can be built 
based on sustainability. Large-scale innovation is an 
opportunity deriving from the perception of how DPPs 
can work in terms of data integration. Finally, more than 
one respondent identified DPPs as a knowledge asset and 
an opportunity, supported by the idea that proficiency in 
this subject will become a competitive advantage in the 
short term, allowing more competitive professional 
possibilities. 

Conclusions 

From applying mixed methods and the People, Process, 
and Technology dimensions, it can be concluded that 
regarding Construction DPPs, the Technology dimension 
is more mature. It is also possible to note that a significant 
push should be made at the People dimension to provide 
awareness, guidelines, use cases and training to tackle 
erroneous value perceptions and reactions to change. 
DPPs are not a complete novelty. So, in the first moment, 
there should be a focus on what already exists and how 
DPPs can be built from it. Working on the outcomes 
deriving from the existing data is critical, making it part 
of DPP's information structure. The next step will be 
understanding the new requirements and the data needed 
for a comprehensive accomplishment. There are still 
unknown details on the passport framework and 
functionalities. The new regulations will bring about 
clarity. Despite the infancy of the concept and the absence 
of a full realisation, a solid background should be built 
using the known facts, fostering the conditions for a 

concerted change effort for the transformation to be 
consistent. 
The research outcomes constitute relevant contributions, 
namely on how professionals engaged in the construction 
processes perceive DPPs and how their thoughts align 
with the strategies. When detailing the barriers, relevant 
bottlenecks were identified, targeting a single dimension 
from PPT, or ranging more than one, with cases 
comprising the three. The landscape of clustered barriers 
presents topics that are well-known and labelled as 
transversal to most innovation initiatives, whereas others 
can be recognised as specific from the DPP. As presented 
in Figure 2, the vision of the barriers can be paramount to 
tackle the main concerns in the short-medium time. 
Regarding the opportunities presented in Figure 3, it is 
relevant to stress that DPP seems to motivate stakeholders 
given the wide range of issues pinpointed and the 
associated comments. Relevant advantages can be taken 
from this enthusiasm, namely by establishing strategies to 
ensure a positive environment for the transition, engaging 
a high number of stakeholders and working on the most 
meaningful outcomes for each role. From this overview, 
it is relevant to highlight the similarity, in terms of pattern, 
achieved for the barriers and the opportunities. 
The research is limited to the questions set in the survey 
and the sample, which can be classified as above average 
concerning DPP knowledge. The number of respondents 
could be more significant. However, it can be recognised 
that, due to the infancy of Construction DPP, few 
professionals can provide inputs such as the ones 
obtained. One of the objectives was to fill the gap in the 
existing studies by providing an overall perspective on the 
passport ecosystem for the construction sector when 
collecting insights from a multidimensional perspective. 
With the mentioned limitations, this was accomplished. 
Future research will focus on amplifying the sample and 
extending the number of questions and topics. A deep 
understanding of the motivations and reasons for the 
identified barriers and opportunities is also part of future 
actions. From the DPP perspective, future research will 
incorporate new elements as they become public, namely, 
the EU Regulations, when published, and discussions on 
the roles and implementation of Construction DPPs. 
Digital Product Passports are inevitable in the EU as they 
are the cornerstone instrument of the digital and green 
transitions supporting industrial and carbon-neutral 
strategies. Despite the novelty, stakeholders identify the 
benefits and opportunities, expressing positive 
impressions towards a widespread implementation. Many 
answers state that what DPPs aim to accomplish was long 
expected, given the inefficiencies derived from manual 
work that is still mostly needed when using digital tools. 
This means the novelty is more on the concept than the 
features and enablers. However, given the push from the 
sustainability side, concerns are raised regarding the data 
overflow and the data priorities for the aimed goals. The 
situation is particularly relevant to SMEs as more support 
may be required to keep pace. To conclude, the 
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impressions point to an easy understanding of the DPP 
and to a positive environment for its adoption in the 
construction industry.  
The Construction DPP seems well-positioned to create a 
concerted change effort across the industry. Therefore, the 
capacity to set clear guidelines for this to occur is critical. 

Acknowledgments 

This work was financially supported by: Base Funding - 
UIDB/04708/2020 with DOI 10.54499/UIDB/04708/2020 
(https://doi.org/10.54499/UIDB/04708/2020)  of the 
CONSTRUCT - Instituto de I&D em Estruturas e Construções - 
funded by national funds through the FCT/MCTES (PIDDAC) 
and European Economic Area (EEA) Financial Mechanism 
2014-2021, Bilateral Relations, FBR_OC2_46, Innovation for 
Circular Competency - Accelerating GrowingCircle with Digital 
Product Passports Awareness.  

References 

Agency, EC (no date) ECHA - SCIP database. Available at: 
https://echa.europa.eu/scip (11 December 2023). 

Byers, B.S. and De Wolf, C. (2023) 'QR Code-Based Material 
Passports for Component Reuse Across Life Cycle Stages 
in Small-Scale Construction', Circular Economy, 1(2), pp. 
1–16. Available at: https://doi.org/10.55845/iweb6031. 

van Capelleveen, G. et al. (2023) 'The anatomy of a passport 
for the circular economy: a conceptual definition, vision and 
structured literature review', Resources, Conservation and 
Recycling Advances, 17(May 2022), p. 200131. Available 
at: https://doi.org/10.1016/j.rcradv.2023.200131. 

Commission, E. (2022) EU Construction Products Regulation 
proposal, COM(2022) 144 final. Brussels. 

Cresswell, J.W. and Poth, C.N. (2018) Qualitative Inquiry and 
Research Design: Choosing among five approaches. 4th 
edn. Thousand Oaks: SAGE Pub Ltd. 

Derenzi, D. et al. (2009) 'A successful approach in integrating 
people, process, and technology inside collaborative 
environments: A practical view of challenges and lessons 
learned', Digital Energy Conference and Exhibition 2009, 
pp. 268–277. Available at: https://doi.org/10.2118/123287-
ms. 

Ducuing, C. and Reich, R.H. (2023) 'Data governance: Digital 
product passports as a case study', Competition and 
Regulation in Network Industries, 24(1), pp. 3–23. Av. at: 
https://doi.org/10.1177/17835917231152799. 

Ecorys (2018) Survey on users' need for information on 
construction products. Brussels. Available at: 
https://doi.org/10.2873/87907. 

Energy, D.-G. EPREL - European Product Registry for 
Energy Labelling: (11 December 2023) 
https://eprel.ec.europa.eu/screen/home. 

European Parliament and European Union Council (2022) 
Ecodesign requirements for sustainable products, 
COM(2022) 142 final. Brussels. 

Honic, M., Magalhães, P.M. and Bosch, P. Van Den (2024) 
'From Data Templates to Material Passports and Digital 
Product Passports', in C. De Wolf, (eds) A Circular Built 
Environment in the Digital Age. Springer. Springer Cham, 
pp. 79–94. Available at: https://doi.org/10.1007/978-3-031-
39675-5_5. 

King, M.R.N., Timms, P.D. and Mountney, S. (2023) 'A 
proposed universal definition of a Digital Product Passport 
Ecosystem (DPPE): Worldviews, discrete capabilities, 
stakeholder requirements and concerns', Journal of Cleaner 
Production, 384(Nov. 2022),. Av. at: 
https://doi.org/10.1016/j.jclepro.2022.135538. 

Lines, B.C. et al. (2015) 'Overcoming resistance to change in 
engineering and construction: Change management factors 
for owner organizations', International Journal of Project 
Management, 33(5), pp. 1170–1179. Available at: 
https://doi.org/10.1016/j.ijproman.2015.01.008. 

Mêda, P. et al. (2020) 'People, Process, Technology in 
Construction 4.0 - Balancing Knowledge, Distrust and 
Motivations', in S. Toledo, Eduardo (ed.) 37th CIB W78 
Information Technology for Construction Conference, São 
Paulo, Brazil, pp.218–231. Av. at: 
https://doi.org/10.46421/2706-6568.37.2020.paper016. 

Mêda, P. et al. (2021) 'Incremental Digital Twin 
Conceptualisations Targeting Data-Driven Circular 
Construction', Buildings, 11(11), p. 554. Available at: 
https://doi.org/10.3390/buildings11110554. 

Mêda, P. et al. (2022) 'A Process-Based Framework for Digital 
Building Logbooks', in EC3 (ed.) 2022 European 
Conference on Computing in Construction. Ixia: EC3, p. 8. 
Available at: https://doi.org/10.35490/EC3.2022.183. 

Munaro, M.R. and Tavares, S.F. (2021) 'Materials passport's 
review: challenges and opportunities toward a circular 
economy building sector', Built Environment Project and 
Asset Management, 11(4), pp. 767–782. Available at: 
https://doi.org/10.1108/BEPAM-02-2020-0027. 

Official Journal of the European Communities (2008) 
'Decsion 768/2008/EC: common framework for the 
marketing of products', OJEU, p. 768/2008/EC Available 
at: https://eur-lex.europa.eu/legal-
content/EN/TXT/?uri=celex%3A32008D0768. 

Owen, R. (2013) Integrated Design & Delivery Solutions ( 
IDDS ). Rotterdam. 

Torpey, J.C. (2018) The Invention of the Passport: 
Surveillance, Citizenship and the State. 2nd edn. Edited by 
CS in L. and Society. Cambridge: Cambridge University 
Press. 

United Nations (no date) U.N. Sustainable Development 
Goals. Available at: 
https://www.un.org/sustainabledevelopment/sustainable-
development-goals/ (Accessed: 17 May 2022). 

633



2024 European Conference on Computing in Construction 
Chania, Crete, Greece 

July 14-17, 2024 

GAMIFICATION OF SAFETY TRAINING IN CONSTRUCTION: A UK PROFESSIONAL 

PERSPECTIVE
Charbel Ajaka1, SeyedReza RazaviAlavi1, Amit Kant Kaushik1, Pablo Martinez1 

1Northumbria University, Newcastle upon Tyne, United Kingdom 

ABSTRACT 

Most practitioners consider safety training in construction 
as a must-have but tedious and repetitive task. Novel 
technologies and learning approaches, such as 
gamification, have the potential to increase worker 
engagement and motivation towards safety training. This 
paper reports on the development of a game for safety 
training in construction and the game evaluation by a 
group of construction professionals. The study aims to 
evaluate the capacity of gamification to impact safety 
training. Based on the results, changing current practice 
to a more gamified approach to safety training and 
learning has a significant positive impact on safety 
awareness.   

INTRODUCTION 

The use of information and communication technologies 
(ICTs) have increased exponentially in the past decades, 
and educational institutions and their classrooms are no 
different. ICTs have been slowly but uninterruptedly 
introduced in the classroom to facilitate learning and 
acquiring knowledge, skills, and positive values. With the 
recent pandemic, it has become a fundamental pillar in 
improving students’ attitudes towards learning (Lazar and 
Panisoara 2018; McGovern et al. 2020). Among ICTs, 
digital virtual platforms are revolutionizing educational 
experiences by providing simulated environments in 
which users can interact with the environment in an 
apparent real-time manner. These virtual environments 
can recreate classrooms, ensure safe experimentation of 
otherwise risky learning experiences, and often, a more 
viable and inclusive solution to overcome logistical and 
organizational challenges and expose learners to certain 
professional scenarios (Tzanavari and Tsapatsoulis 2010). 
For construction education, for example, it facilitates 
bringing numerous students to a construction site at once, 
transforming the logistics and safety problems related to 
having students in a hazardous environment into a 
technological problem. From a technical aspect, virtual 
platforms are usually created to be accessed through 
various means. Hardware selection (e.g., flat screens vs. 
virtual reality) and the delivery method integrated into the 
software greatly impact the learning experience and 
outcomes. On that last part, an interesting approach that 
has been gaining popularity in the past years is serious 
gaming. This concept refers to a mix of gamification with 
an additional educational value that pushes the learner to 
use game mechanics in non-gaming contexts. It promotes 
learning, challenging performance, engagement, and 
personal initiative (Caponetto et al., 2014). 
The rationale behind the gamification of training is, at its 
core, the need to change something within the learning 

process that is not working properly or adapt it to newer 
generation trainees. While health and safety in 
construction is a heavily regulated practice, with specific 
regulations at national and international levels, 
construction operations remain hazardous and high-risk 
workplaces. Gamification can be an approach to provide 
information at individualized levels (for operators, 
supervisors, technicians, etc.) an accurate and 
contextualized learning experiences (Benito Rodriguez et 
al., 2021). However, users’ perspective on such games has 
not been recorded in literature, specifically from active 
professionals. This paper presents the evaluation of a 
safety training game by UK construction professionals, 
aiming to understand the benefits and drawbacks of 
gamified learning experiences.  

LITERATURE REVIEW 

Several studies have reported the success of gaming 
approaches for learning and skill development (Gee, 
2006; Cavalcanti et al., 2021). A game environment 
presents an immersive environment full of stimuli that 
makes for an excellent sandbox to improve learning 
processes. Games are flexible in content and goals and can 
be used in a wide range of locations and engagement. This 
is especially important for flexible learning approaches in 
cases of worker availability disruptions, as occurred with 
the recent COVID-19 pandemic. 
In a previous study, a framework for the development of 
games for construction activities was proposed (Le et al., 
2015). Three modules are required for any game: a 
knowledge dissemination phase, a knowledge reflection 
phase, and a knowledge assessment phase. This approach 
has been used in the literature, and the results showed 
improvements in hazard identification (Bernardes et al., 
2015). It also has proven applications in risk management 
to help learn activity interpretation and cause-
consequence analysis through simulated scenarios (Barot 
et al., 2013).  
Also, current literature highlights the dynamic 
presentation capabilities of gamified learning processes 
for safety training as a key element that supports higher 
immersion and learning outcomes. This is in line with 
learning theory regarding attention and visual cues. In 
fact, when delivered using virtual reality methods, games 
provide an additional level of dynamism and an improved 
learning experience (Harichandran et al., 2021). In this 
line, a large number of studies have been done over 
several learning training processes to address construction 
education. For instance, Kazar et al. (2021) developed a 
serious game for safety training and assessed its 
effectiveness with senior civil engineering students. Their 
results showed that the serious game is an effective 
training approach, and its effectiveness is not influenced 
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by the game experience of the learners. In another study, 
Gallerati et al. (2017) assessed students’ learning 
retention and the cost associated with training activities 
through serious gaming and VR. In their experiment, 
students used a simulated immersive VR that emulated a 
drilling land rig, the results showed improvement in 
learning retention and a reduction in safety risks and 
training costs. For flood safety training in the urban built 
environment, D’Amico et al. (2023) developed a non-
immersive VR game, which could make a significant 
improvement in the self-efficacy and safety knowledge of 
the learners. The use of digital twin, which can 
dynamically update the digital models with real-time data, 
was studied by Harichandran et al. (2021) for developing 
dynamic VR games. They developed a framework for 
creating safety training scenarios from the project intent 
information, project status knowledge, safety regulations, 
and historical knowledge provided by the digital twin. 
Despite the novelty of the proposed approach, manual 
creation of the scenarios is reported as its drawback to be 
addressed in future.   
This literature review has highlighted that the current 
implementation of serious gaming in AEC education has 
a lot of potential for education and training. Safety 
training has been identified as a key area for gamification. 
However, most of the existing studies focused on 
experiential learning for students, disregarding 
professionals who may have a more pragmatic approach 
to learning approaches (Abotaleb et al., 2023). 
This paper explores how industry professionals perceive 
the introduction of serious gaming for safety training and 
how it compares to their current approaches. The 
population is a sample of AEC professionals who are 
actively involved in the construction industry, not 
necessarily around safety. Based on this, the following 
research questions are proposed: 

1. What is the opinion of industry professionals
regarding the gamification of safety training?

2. How does gamification compare to current
approaches for safety training?

METHODOLOGY & GAME 

DESCRIPTION 

The research is based on a quasi-experiment due to the 
lack of randomization in the testing group. The 
professionals involved in this experiment were selected 
based on experience and availability. A total of 28 
professionals participated in the experiment in four 
different sessions due to space and availability 
constraints. However, a single group is created to check 
and evaluate the methods and learning outcomes 
presented through the experiment (see Figure 1). The 
learning activity is designed to introduce the population 
to two different concepts: site traffic safety from a trucker 
perspective, and crane safety from the crane operator and 
ground safety personnel. The first activity uses serious 
gaming to present different hazard profiles and safety 
procedures of driving across a congested and operational 

construction site while driving a loaded truck. Similarly, 
the second activity focuses on crane operations from two 
points of view, one while performing a module lifting 
operation from the cabin and the other one while doing a 
routine ground inspection around the crane lifting area. 
After the experiment, lasting around 40-45 minutes, a 
post-assessment point is given to allow the population to 
provide feedback and assess their learning experience.  

Figure 1. Serious gaming for safety training activity. 

To kickstart the learning activity, the participants are 
given a small tutorial prior to immersion in the game. The 
tutorial lasts about 20 minutes and covers the basics of the 
game experience regarding controls, main menu, and 
game structure and goals. This phase is meant to facilitate 
navigation within the game to all participants. Any 
participants who had difficulty with navigation or any 
game-related issue were provided with support and 
additional training.  
After that, the participants start the game. They are thrown 
in first person on a construction site environment where 
they can interact with the main menu of the game (see 
Figure 2). This menu allows players to select the different 
levels available in the game. Each training topic/theme is 
structured as a set of levels, starting with a tutorial phase 
where participants are taught using visual cues and written 
statements regarding safety rules on specific scenarios 
that the participants walk into.  

Figure 2. Screenshot of the main menu of the serious game. 

Upon completion of the tutorial, an assessment level on 
the theme just covered is unlocked. This assessment level 
is similar to the tutorial level in terms of tasks and 
environment; however, no cues or support is given. A 
scoring system is introduced to automatically assess the 
results of the participant over their behavior and motion 
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across the level. Participants receive their scores and 
feedback on how to improve the sections in which they 
lose points. The level structure is illustrated in Figure 3. 
Participants are free to navigate through the different 
tutorial levels at any given time, as there is no order to 
those levels. 

Figure 3. Game flow and level structure used. 

The game brings the participants across different 
situations where safety training can be taught and tested. 
Within the same construction environment, that can be 
exported directly from BIM for additional user 
immersion, a large variety of scenarios can be proposed 
to imitate even the less plausible hazard profiles. While 
the safety training focused on traffic and crane operations, 
additional safety training elements of more generic nature 
can be added. For example, as shown in Figure 4, signage 
awareness or construction debris removal can be 
incorporated. 
After the completion of an assessment phase, the 
participants are scored based on their performance, 
behavior, and interactions with the built environment. 
Performance is scored based on timing, behavior is scored 
around whether a set of safety tasks are done or not, and 
the interactions with the built environment are built as 
penalties (i.e., ignoring signage results in a loss of points). 
A final score is provided to the participant, with some 
feedback regarding potential improvement or where the 
participant was penalized. Then, the score is uploaded 
onto the leaderboard.  
Once the participants are done playing with the game, 
about 40 to 45 minutes, a post-test questionnaire is given 
to each participant to fill. This questionnaire focuses not 
just on the learning experience, the game development, or 
the effectiveness and drawbacks of using serious gaming 
for safety training but also on prior engagement with 
safety training methods and current practice. 

Figure 5. Signage included in the construction scenario for 

safety training. 

RESULTS 

This study and its protocol have received full ethical 
approval from the Northumbria University ethics online 
system (project ID: 5567). All participants gave 
permission to use the collected data. Initially, a personal 
assessment of the participants’ professional experience 
and prior experience with safety training is provided. It 
allows us to showcase a better understanding of the 
participants and potential biases introduced by the 
population subconsciously. Figure 5 illustrates those 
results (left to right) for work experience, participant 
professional active field or background, and their prior 
experience with video games and safety training methods 
respectively. Note that the population is slightly biased 
towards early career professionals, with a current role in 
architecture or engineering. This will be addressed in 

Figure 4. Experiment population data. 
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further experimental testing to provide a more 
homogenous population. 
The results from the quasi-experiment can be found in 
Figure 6. Participants answered a series of questions using 
a 5-step Likert scale (1 – Strongly Disagree; 2 – Disagree; 
3 – Neutral; 4 – Agree; 5 – Strongly Agree). Overall, the 
participants reacted positively to safety training through 
gaming instead of more traditional learning methods. 
Table 1 showcases the statistical analysis of the results 
obtained per question, in the order shown in Figure 6. 

Table 1. Statistics of the questionnaire results. 

Questionnaire Results 

Median Std. Deviation 

Question 1 4 1.235 
Question 2 4 1.322 

Question 3 4 1.305 
Question 4 4 1.355 
Question 5 5 1.361 
Question 6 4 1.326 
Question 7 4 1.278 
Question 8 4 1.205 
Question 9 4 1.291 

Question 10 4 1.280 
Question 11 4 1.402 
Question 12 4 1.411 
Question 13 4 1.319 
Question 14 4 1.82 

Based on the results obtained, on average, the learning 
experience of the professionals questioned is positive. The 

Figure 6. Participants’ answers to the final questionnaire. 
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gamification approach is seen as an improvement of 
current approaches and can potentially increase safety 
awareness and training capabilities for operators/workers. 
The questionnaire results highlight the value given by the 
users of the collaborative aspect of the game (question 5), 
the immersion (question 4), and the increase in safety 
awareness when compared to traditional training delivery 
(question 10). Note that most professionals agree that the 
technology is scalable to an organization level. 
However, more divisive results are obtained for certain 
questions: a more average neutral stance is given towards 
the efficacy of engagement and focus during the training 
of the game users compared to current approaches and the 
overall view of the game from a learning perspective is 
relatively neutral. Regarding those points, the participants 
could further elaborate on. Their feedback on possible 
improvements is listed below: 

- Considering adding a story mode that simulates
certification.

- Incorporating multiplayer.
- Improved tutorials for a broader range of users

(especially non-gamers).
- Clearer instructions and transparency on the

scoring system.
- Providing different camera angles instead of

only first-person point of view.
- Better details and graphics for additional

immersion, especially sound.
Separating the comments on improved technical 
performance, some of the desired improvements are of a 
complex nature. Developing certifications or learning 
assessments in a multiplayer environment would be an 
interesting challenge. While it challenges the idea of 
individual knowledge testing, it would probably be a more 
realistic representation of safety considerations and 
efforts on construction sites. As safety on sites is not an 
individual responsibility, could training be more effective 
in collaborative environments? Further research to 
explore feedback provided and perform more extensive 
evaluations on the potential of gamification will be 
pursued. 

STUDY LIMITATIONS 

The showcased study is a preliminary work to understand 
the impact of serious gaming on safety perceptions and 
training around hazards on construction sites, however the 
results obtained have to taken with the consideration of 
certain limitations in the scope and untested biases that 
can be accounted for. 
For example, how the novelty of the serious gaming 
experience is affecting the perception of the usefulness of 
the approach by the users is uncertain. Or how the safety 
perception given by the gaming experience is translate 
onto the physical world. In the end, even the gaming 
optics of the criteria used to develop the training scenarios 
or even the scenarios themselves may had an impact on 
the experience outcomes that is uncertain.  
Overall, multiple variables that would need to be 
accounted for are not considered in this study and should 

definitely be included in the experiment planning and 
posterior analysis to come up to more decisive 
conclusions. 

CONCLUSIONS 

The study's investigation into the use of serious gaming 
for construction safety training presents innovative 
findings. It demonstrates that gamification significantly 
enhances professionals' engagement, motivation, and 
safety awareness, offering a novel approach to addressing 
the complexities and hazards inherent in construction 
environments. The positive reception of the game's 
immersive and interactive features encourages a pivotal 
shift towards more dynamic training methodologies. This 
research enriches the academic discourse on educational 
technology by applying gamification within a novel 
context. It also provides evidence of its potential to 
revolutionize traditional safety training practices in 
construction. It underscores the efficacy of serious 
gaming in improving learning outcomes, thereby 
advocating for its integration into standard training 
protocols to better meet the evolving demands of the 
construction industry. The study outlines several 
pathways for future research, including enhancing game 
functionalities, exploring gamification's long-term impact 
on safety practices, and its scalability and cost-
effectiveness. These potential avenues demonstrate 
further the role of serious gaming in professional 
education and its potential to transform safety training in 
construction and other sectors. 
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Abstract 

Generative Design (GD) is typically introduced to 
students through computer-aided design (CAD) courses. 
Diverging from this approach, this research uses hands-on 
experiments to introduce GD concepts to students. Shape 
Grammar (SG) and Cellular Automata (CA) techniques 
are explored using a tangible toolkit, distinct from CAD 
sessions. In an experimental setup, students use SG and 
CA techniques in separate sessions, following a think-
aloud protocol. Data is captured using video recording. 
The study aims to uncover patterns in students' thought 
processes and assess if tangible exercises can instil 
confidence and interest in GD. The paper outlines the 
experimental setup, presents preliminary results, and 
discusses implications for teaching and GD tool 
development. 

Introduction 

Generative design (GD) is an iterative design process 
widely used in architecture to support human designers 
and help in design exploration. Various generative design 
techniques, including cellular automata (CA) (Herr & 
Ford, 2016; Von Neumann, J., 2017) shape grammar (SG) 
(Stiny, 1980), L-system (LS) (Lindenmayer, 1968), 
genetic algorithm (GA) (Jo & Gero, 1998) and swarm 
intelligence (SI) (Bonabeau et al., 1999) are reviewed 
based on preliminary literature review (Singh & Gu, 
2012). In this paper, CA and SG have been introduced 
through tangible hands-on exercises.  
    Cellular automata (CA) is a collection of cells arranged 
in a grid of specified shape, and each cell changes state as 
a discrete time step, according to a set of rules depending 
on the state of neighbouring cells (Zaitsev, 2017). The 
essential components of CA are Cell, Cell States, and 
Neighborhood. Two kinds of cell neighbourhoods are 
usually considered in a 2D cellular automata theory. They 
are Von Neumann and Moore. Von Neumann's 
neighbourhood is considered in this work. 

Fig. 1: Classical neighborhood in 2D CA a) von Neumann’s 

neighborhood b) Moore's neighborhood (Zaitsev, 2017) 

CA systems are widely considered in architectural design 
for their spatial abilities and form generation (Herr & 
Kvan, 2007; Krawczyk, 2002). CA produces 
unpredictable results after every iteration, which helps 
designers push their capabilities of creativity and 
imagination (Wolfram & Gad-el-Hak, 2003).  

Shape grammar (SG) is a set of shape rules that can be 
applied to generate a set or language of design (Knight, 
1999). According to Stiny (1980), the essential 
components of SG are a finite set of shapes, a finite set of 
rules, a finite set of symbols, and an initial shape. SGs are 
widely used to recreate architectural and design styles 
(Stiny & Mitchell, 1980; Poon & Maher, 1997; Stiny & 
Mitchell, 1998). The speciality of SG is to generate 
several design solutions using a finite number of shapes 
and rules. SG is widely used for design exploration and 
visual compositions (Tapia, 1999). The distinct feature of 
SGs is that they can be used as an analysis and synthesis 
tool to decompose complex shapes and generate 
complicated forms starting from a simple initial shape, 
respectively (Fasoulaki, 2008). 
In this article, design experiments are performed with the 
help of a tangible kit relevant to solving the given 
problems using GD techniques. The design experiments 
assist in assessing and developing knowledge about the 
subjects’ learning process and may provide a medium to 
support subjects’ learning (Cobb et al., 2003).  
Initially, the GD (CA & SG) technique is briefly 
discussed, followed by a background on related work. 
Then, the methodology is detailed, covering experiment 
design, subjects, data collection, and students' thought 
processes. Next, the experiment framework is outlined, 
including the problem description, constraints, rules, and 
setup details. Finally, results and discussions are 
presented, along with future work directions. 

Related Work 

Several studies have shown that incorporating GD 
techniques into design education can enhance the 
students’ ability to explore design possibilities and 
improve their problem-solving skills (Fischer & Herr, 
2001). These authors argue that design teaching should 
include more focus on techniques and skills in GD, 
especially in the initial stages of learning. Eris (2003) 
highlights the cognitive paradigm associated with the type 
of questions designers ask during the design process, 
which represents a convergent-thinking distinction. These 
studies also highlight the importance of hands-on 
experience in the learning process (Cassim, 2013). They 
present the findings from a case study of design students’ 
reflections on their project experience. The reflections 
highlight the importance of hands-on experience with 
real-world problems in advancing a student's design 
knowledge and skills. Pusca et al. (2017) use case studies 
to show that hands-on activities can enhance students' 
knowledge and skills in design, creativity, 
communication, and modelling. They stress the 
importance of not only hands-on experiences but also 
minds-on to promote deeper thinking and understanding. 
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Junginger (2007) introduces the concept of "heart, hand 
and mind" as essential tools for design inquiry. However, 
most of these studies have focused on introducing GD 
through CAD systems (Krish, 2011 proposed a CAD-
based design exploration method; Khan et al., 2019; Khan 
& Awan, 2018). CAD-based GD may not be accessible or 
appealing to all students initially because they need to 
learn to use the CAD tools and, perhaps, have adequate 
confidence in programming or coding scripts.  
Hence, this research explores the effectiveness of 
incorporating hands-on exercises in teaching GD 
techniques, specifically using CA and SG. The goal is to 
determine if these tangible exercises can foster student 
interest and confidence in GD while improving their 
problem-solving and design exploration skills. The study 
also aims to analyse the students' thought processes 
during the exercises.  
Numerous studies have explored the use of tangible tools 
for teaching computational and design thinking (Want et 
al., 2014; Lin et al., 2020; Matthee & Turpin, 2019). 
These studies highlight the benefits of using tangible tools 
in enhancing students' understanding of computational 
concepts and promoting hands-on learning. Soleimani et 
al. (2016) present a hands-on activity for the Computer 
Organization course in Computer Science using low-cost 
single-board computers. The results show that 90% of the 
students prefer hands-on activities to improve their 
learning and understanding of computational concepts. 
However, these studies have mostly focused on teaching 
programming concepts, not specifically GD. Marshall 
(2007) presents T-Maze, a tangible programming tool for 
children aged 5–9 to build computer programs in maze 
games by placing wooden blocks. Therefore, the current 
study aims to fill this gap by exploring the use of tangible 
exercises to teach GD techniques. 

Research Methodology - 

Experiment Design 

The research on GD systems is often focused on reduced 
time and cost to achieve design alternatives, optimization, 
accuracy, consistency, and so on. Problem formulation 
and choice of the GD technique and representation play 
an equally important role, even if areas like optimisation 
steal the limelight. In this context, the experiment was 
designed to examine whether the tangible kit (discussed 
in a later section) can help students analyze the patterns in 
their thought processes while applying a GD technique to 
solve a given problem. 
The experiments include three sub-experiments. Separate 
tangible kits are designed for each sub-experiment, as 
explained later in the framework section. 

Subjects 

The subjects for this experiment are postgraduate students 
in product design or undergraduates in architecture. Six 
subjects were selected, four from design and two from 
architecture. Although all the subjects have a background 
in design and architecture, they had yet to gain any 
knowledge of GD before this activity. 

Experiment modules 

The experiment sessions are divided into three modules. 
Each module has a demonstration video and reference 
manual explaining how to perform the activities. A 
moderator is still available during the experiment to 
clarify doubts (Toyong et al., 2020) and to ensure that the 
quality of recordings and data capture is acceptable. For 
reference, a demonstration video of rules and instructions 
is displayed on the screen throughout the activities. 

Data Collection  

Think-aloud protocol (Fonteyn et al., 1993) is used in the 
design sessions of approx. two hours, with approximately 
10 minutes of break in between. The data is video 
recorded on tape, capturing both the verbal data and the 
evolution of the design through a camera directed towards 
the worktable with the tangible kit (Goldschmidt, 1994). 
A 10-minute post-session semi-structured interview was 
conducted with each subject, followed by open-ended 
feedback from the subjects about the whole experience. 
The interview (Patton, 1990) questions are outlined below 
- 

Interview Questionnaire (Semi-Structured) 
• Which technique did you find easier to perform? Why?

• Any tangible thing or object you felt was missing from

the experiment apparatus that’d have helped you during

the experiment? Any suggestions?

• Which technique granted you more freedom while

designing? Rank all three techniques.

• Did any part of the material or the experiment make you

want to learn more about it?

• What part of the experiment did you find the

easiest/clearest? What parts were unclear/more

difficult?

Feedback Questionnaire 

• What did you like about the experiment and its modules?

What did you not like?

• How can we improve the delivery of content for better

and easier understanding?

• Which content delivery method (manuals, videos, etc.)

was most useful?

• Was there any ambiguity in any part of the experiment

that halted your progress?

• Was the time allocated for reading manuals, watching

videos and performing the experiment enough?

• Did you like the hands-on approach to learning

Generative Design?

A five-point Likert scale, a standard measurement method 
in educational research (Boone & Boone, 2012), is used. 
A specific questionnaire for each activity is developed. 
Data is collected from the subjects at the end of the 
activity. Each question has a declarative statement that 
measures one trait, such as measuring the challenges 
associated with a specific technique. Numerically, the 
scale is assumed to vary from -2 to 2. 

• The experiment has certainly helped me learn the

Cellular Automata technique. (SA | A | NAND | D | SD)

• The experiment has certainly helped me learn the Shape

Grammar technique. (SA | A | NAND | D | SD)
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• The experiments conducted today:   

     Helped me learn more | Made no difference to how I 

learn | Were detrimental to my learning process  

• The Cellular Automata module of the experiment is 

challenging. (SA | A | NAND | D | SD)  

• I am comfortable with the activities performed in the 

Cellular Automata module. (SA | A | NAND | D | SD)  

• The Shape Grammar module of the experiment is 

challenging. (SA | A | NAND | D | SD)  

• I am comfortable with the activities performed in the 

Shape Grammar module. (SA | A | NAND | D | SD)  

• The Tangible Free Design module of the experiment is 

challenging. (SA | A | NAND | D | SD)  

• I am comfortable with the activities performed in the 

Tangible Free Design module. (SA | A | NAND | D | 

SD)  

• I’d like to have such interactive exercises in my 

courses.( SA | A | NAND | D | SD)  

SA= Strongly Agree | A= Agree | NAND= Neither Agree Nor 

Disagree | D=Disagree | SD=Strongly Disagree 

 

Data Analysis 

The recorded data was transcribed (Tilley & Powick, 
2002) and cleaned by an experienced transcriber. The 
transcribed data was subjected to thematic analysis 
(Maguire & Delahunt, 2017; Braun et al., 2016). Thematic 
analysis is an effective tool for identifying, analysing, and 
reporting patterns or themes within the data (Braun & 
Clarke, 2006). Two researchers independently conducted 
the thematic analysis for the whole transcript. The 
identified themes were reviewed again, and cross-
checking against the transcription was done together. The 
questionnaire-survey results are analysed using 
descriptive statistics. 

Experiment Framework 

An exhibition layout problem was given for all three sub-
experiments. The description of the problem is as follows.  
“To design an exhibition space layout to display paintings 

such that there are four partitions/zones with similar 

spatial capacity. The paintings are displayed on stands 

such that there are an adequate number of surfaces to 

show the paintings. Adequate space must be provided 

inside the zones for visitors to walk and view the 

paintings. A 2D layout is expected (top view)”. 

 Requirements and constraints on the display stand: 

A display stand combines flat panels as surfaces for 
hanging the paintings. A panel is represented by a tangible 
object (matchstick), and a display stand is essentially a set 
of multiple connected matchsticks.  The viewing angle 
should be between 90 and 180 degrees. These panels are 
to be placed so that the two sides of the panel – front and 
back – are easily visible to the viewers. 

Experiment type and description  
This work involves three sub-experiments with respective 
kits. The details of each experiment are as follows: 

Sub-experiment A: Free tangible (FT) without rules  

There are no predefined rules and constraints. A free, 
unconstrained space made of cardboard is provided. 
Tangible objects, including matchsticks, clay, thread, and 
clips, are provided. There is no explicit connection or 
reference to GD for this part of the experiment. The free-
form thinking of the students is captured. Figure 2 shows 
an example of the layout created by one of the subjects. - 
 

 
 

Fig. 2: Display structure layouts designed by a subject for an 

exhibition hall with four zones. 

Sub-experiment B: Cellular automata tangible (CAT) 

This activity addresses the challenge of designing the 
display structures using a cellular automaton (CA) kit 
while considering structural rigidity constraints. The 
subjects are constrained to use no more than five panels 
to ensure stability, and a closed-loop structure is excluded 
due to ensure dual-sided visibility. A grid outline serves 
as the canvas for CA operations. The tangible kit employs 
matchsticks for creating display stands distributed in a 
2*2 grid. Subjects engage in two sub-activities, focusing 
on display structure and layout planning. The goal is to 
assess the tangible kit's effectiveness in instilling 
fundamental computational thinking for GD while 
fostering confidence and interest. Decision-making is 
pivotal as subjects adhere to predefined rules, with their 
choices and justifications contributing to the learning 
outcomes. 

CA rule formation and application –  

CA usually uses a grid, and state changes are made 
according to the neighbourhood conditions driven by 
rules. The rule formation is discussed below: 
Two cell states are considered for this activity, named A 
and B (Fig. 3). The state of the cells in the next iteration 
is governed by the state of the neighbouring cells in the 
previous iteration. Von Neumann's neighbourhood is 
considered for this activity.  
                      

 
Fig. 3: Cell Von Neumann neighborhood 

The following rules govern the cell state in the “New” 
iteration: 
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Rule #1: Assign cell state B if it has more neighbouring 
cells with state A; otherwise, assign cell state A if it has 
fewer neighbouring cells with state B. 
Rule #2: If the number of neighbouring cells with state A 
is equal to the number of neighbouring cells with state B 
for some arbitrary cell position, then the cell state (in the 
“New” iteration) for that specific position is declared as: 

Rule #2.1: State B (if the cell number of that arbitrary 
cell position is odd) 
Rule #2.2: State A (if the cell number of that arbitrary 
cell position is even). 

The three specified rules guide manual CA iterations. 
After three iterations, the subject evaluates the resulting 
display structures. Selection is based on logical 
assessment, requiring structures to maintain a continuous 
connection of panels (or matchsticks) without breaks for 
consideration. Figure 4 shows examples of some of the 
display structures generated by the subjects –  

Fig. 4: Display structures obtained by a subject after 

performing an iteration of CA rules. 

Once a display structure is selected, it is ready for 
arrangement in the four zones, marking the completion of 
the first part. Subsequently, three rules govern layout 
planning iterations, outlined below. 

Arrangement of Tokens in the 4 Zones: 

The chosen structures form four tokens through altered 
orientation and connection to a token's corner. Subjects 
can freely connect joints, ensuring the structure fits the 
grid. Design decisions and orientations must be explained, 
fostering robust decision-making.  Figure 5 shows 
examples of tokens created by the subjects. 

Fig. 5: Four tokens created by a subject. 

Following token creation, these states represent CA, 
contingent on the subjects' creativity. A 2x2 grid, forming 
four exhibition zones, is generated for placing tokens A, 
B, C, and D. The grid has a computationally generated 
initial configuration, and tokens follow a 3x3 structure 
with walking space around the periphery, exemplified for 
exhibition formation. Figure 6 shows an example of a 
token configuration to form an exhibition- 

(a)  (b) 

Fig. 6 (a) 2*2 grid for placing tokens (b) Tokens arranged to 

form an exhibition. 

The newly created 2x2 matrix is used as the basis for the 
next set of 3 iterations in adherence to the set of grid rules 
given below: 
Rule A: If token D neighbours either token C or B (or 
both) in the "Old" iteration, the token in the "New" 
iteration at that position will be token A. 
Rule B: If token B neighbours either token A or D (or 
both) in the "Old" iteration, the token in the "New" 
iteration at that position will be token C. 
Rule C: If token A neighbours either token C or token D 
(or both) in the "Old" iteration, the token in the "New" 
iteration at that position will be token B. 
Rule D: If token C, with an odd cell label number, 
neighbours either token A or token B (or both) in the 
"Old" iteration, the token in the "New" iteration at that 
position will be token D. 
Rule E: If token C, with an even cell label number, 
neighbours either token A or token B (or both) in the 
"Old" iteration, the token in the "New" iteration at that 
position will remain token C. 
Default Rule: If none of the above rules are applicable, 
copy the “Old” state into the “New” state without any 
changes. 
After performing three iterations, subjects have three 
different layouts and can use their decision-making skills 
and the requirement to select or reject a layout. Figure 7 
shows an example of one complete layout made by one of 
the subjects. 

Fig. 7: A token layout obtained by a subject after performing 

the 3rd iteration on the 2x2 grid. 

Sub-experiment C: Shape grammar tangible (SGT) – 

SG has predefined shape rules, starting from the initial 
shape. This activity aims to analyze the subject’s thinking 
pattern while applying this technique to solve a problem 
and whether the tangible SG kit can help subjects 
recognise the fundamental computational thinking 
approaches required in GD. 
Two sets of rules are formed to perform this activity: the 
traditional SG rule to make geometric entities and the 
extension of SG called parametric SG (Angelo et al., 
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2013) to make or play with the layout. Below are the rules 
for performing the SG activity – 

Rule to Make Display Structure: 

× - Marker 

This rule is used to make display structures with the help 
of clay and matchsticks. There are two constraints that the 
designer should keep in mind when designing display 
structures: 
● The angle between any two panels should be

between 90 and 180 degrees.
● The number of panels should be less than or equal to

five to handle structural rigidity.
Based on these constraints, a designer can make any 
number of display structures and name them entity 1, 
entity 2, entity 3 and so on. These entities will further help 
in parametric design rules. Figure 8 shows a few display 
structures made by subjects according to the above rule – 

Fig 8. Display structures made by the subject 

Rule to Design Exhibition Layout 

A 10x10 grid with proper scaling and thread will be 
provided to the designer. The two parametric rules which 
will be used for the layout design are mentioned below- 
Rule 1 –   

 

  Position = top left    Position = top right  
(Shape = entity 1)     (Shape = entity 1)

- Entity1

Figure 9 shows an example of the layout created by the 
subjects with the help of the given rule and objects-  

Fig. 9: Complete layout obtained using the SG rules 

 Table 1. summarizes the experimental setup. 

Result and Discussion 
Four major themes emerged through thematic analysis of 
the transcribed data (Table 2). A detailed discussion of the 
themes is presented below – 

User/Visitor Experience 

This theme represents the importance of user flow in 
exhibition space layout. User flow is an essential aspect 
of spatial layout problems. Four out of six subjects spoke 
about the walking space arrangement of the panel, the 
field of view and the angle between panels (matchsticks), 
etc., to improve the visitor experience. For example, the 
experience of one subject is – 

“Even if it is rigid 90 degrees, the corner space will not 

be well utilized. Here it provides a larger space for the 

people to have a standard view, and even the angle of view 

will be better. So, this will be straightforward, and there 

will be the utilization of space. If it is rigid 90 degrees, the 

corner will not be very convenient for the flow.” 

– (Subject 4)

Here, the subject is describing the user flow along with 
the angle between panels when placing the display 
structure (entities in the case of SG) on free space. 

Subjects’ Perception of the Problems 

S. 

No. 

  Experiment 

(E) 

Activities 

  (A) 

Timeline (minutes) 

Sub 

experime

nt A-  

FTD 

Sub 

experiment 

B – CAT 

Sub 

experime

nt B – 

SGT 

A) Exp Handout COMMON (5 MIN) 
B) Video Briefing ✓ 2MIN ✓ 15MIN ✓ 5 MIN

C) Doubt Session ✓ 5 MIN ✓ 5 MIN ✓ 5 MIN
D) Ref Manual  ✓ 5 MIN ✓ 5 MIN
E) Exp Activity ✓ 20 MIN ✓ 20 MIN ✓ 20 

MIN
F) Feedback COMMON (10 MIN) 

G) Questionnaires COMMON (5 MIN) 

644



Although each activity involved enough supporting media 
and small doubt clarification sessions, each subject 
perceived the situation differently. The response of one 
subject is – 
“Just want to clarify? So we may have to make four zones, 

right? Similarly spatial capacity!. So what do you mean 

by similar like? Is it like the number of displays should be 

the same for this one?” 

– (Subject 1)

Response to GD Techniques 

This theme includes and represents the intuitiveness while 
performing the GD technique. Almost all subjects spoke 
about the ease of applying CA and SG, the ease/difficulty 
of following the rules, constraints, and the freedom while 
designing the layout. How the computational thinking 
approach is recognised while applying the GD technique 
is also a part of this theme. Below is an example of the 
interview session – 
“Interviewer - which technique did you find easier to 

perform and why? 

Subject 2 - If we talk in terms of performing, the last 

exercise was much easier because we have more options 

to do, I mean more things to do and with fewer 

complications, so we can just very freely work.” 

This extract talked about intuitiveness in performing the 
GD technique. The subject found SG (the last exercise) 
easy to perform due to the freedom of design. 

How the Kit Relates to Real-Life Problems 
The tangible object and chosen problem statement make 
the whole experience like a real-life problem. Every 
subject visualized and tried to make the experience like 
designing an exhibition layout based on their 
understanding. Here is the experience of visualization of 
one subject while creating the layout plan – 
“So this one is for having different and hear another 

theme. And similarly, this one like combines kind of these 

two, so one inclusive space kind and then have different 

themes on the outside” 

– (Subject3)
Using codes for thematic analysis can help ensure 
consistency and rigour in the analysis process. By 
establishing a clear set of codes that define the themes of 
interest, the analysis can be more objective and less prone 
to bias. Combining codes to create broader themes can 
help synthesize the data and provide a more holistic 
understanding of the subject's thought processes. 
A qualitative survey was collected from each subject 
based on the Likert scale to understand the subjects’ 
experience and whether such a simple tangible exercise 
can generate confidence and interest in subjects’ toward 
GD. The result of the study is presented in a graph (fig.10) 
below. The question is divided into three categories: FT 
design, CA, and SG. The responses of all six subjects 
based on the Likert scale (-2 to 2) are collected in three 
categories. 

Table 2. Major Themes, along with a few associated Codes 

Theme 1– 

User/Visitor 
Experience 

Codes 

Space for 
walking 

Panel 
arrangement 

Gallery 
theme 
experience 

Field of view 

Angle 
arrangement 
between 
panels 

Theme 2–
Subjects 
Perception of 
the Problems. 

Codes 

Exploration of 
design space  

Reinforcing 
problem 
objectives 

Doubt 
clarification 

Constraint 
understanding 

Theme 3- 

Response to 
GD Techniques 

Codes 

Understanding 
of CA and SG 
rules  

Intuitiveness to 
perform 

Design 
Freedom 
within and 
between 
techniques 

Computational 
thinking 

Theme 4- 

How the 
Kit relates 
to Real 
Life 
Problem 

Codes 

Geometry 
specific 
knowledge 

The 
relative 
size of the 
panel 

Available 
zone space  

Spatial 
Capacity 

The incorporation of tangible kits into GD education has 
demonstrated positive outcomes in enhancing learning 
and comprehension. Subjects responded favourably to the 
tangible kit's effectiveness in teaching GD techniques, 
leading to improved understanding and comfort in 
applying each method. The kit facilitated the application 
of structured thinking, enabling subjects to explore a 
broader solution space—an essential aspect of GD. This 
hands-on approach allowed subjects to grasp 
computational thinking, offering insights not as apparent 
through traditional teaching methods. 
However, challenges surfaced when subjects engaged in 
free-thinking activities, where the absence of constraints 
and ambiguity in design tasks led to negative responses. 
This suggests that open-ended design tasks requiring high 
levels of creativity and dealing with ambiguity can pose 
difficulties for some subjects. Despite these challenges, 
subjects did not express negativity regarding the comfort 
of performing each technique, highlighting the engaging 
and user-friendly nature of the designed experiment kit. 
The study's findings emphasize subjects' positive 
responses to the tangible kit and its associated activities, 
particularly for understanding and comprehension. The 
contrast between activities with well-defined rules and 
constraints and the free-thinking task indicates subjects' 
potential struggles in open-ended design scenarios, 
suggesting the need for additional support to develop 
problem-solving skills in such contexts. 
Subjects exhibited positive responses towards all the 
techniques in the kit, indicating their overall engagement 
and ease of use. This suggests that tangible exercises can 
be effective in teaching GD techniques and enhancing 
student engagement. Thematic analysis and code 
combinations were employed to delve deeper into 
subjects' thought processes, providing valuable insights 
for future design education practices. 
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The study's methodology, including subject selection and 
activity time allocation, was carefully considered based 
on a pilot study. The pilot aimed to refine tangible 
exercises, ensuring feasibility and effectiveness, 
addressing potential issues, and guiding adjustments to 
the experiment procedures. While the sample size may be 
perceived as small, it aligns with the study's focus on 
exploring tangible exercise effectiveness. The 
comprehensive exploration offered valuable insights for 
educators and designers considering hands-on learning in 
generative design teaching. 
The inclusion of diverse subjects with varying design 
education levels and backgrounds enriched the study's 
perspective. The multi-session approach contributed to an 
in-depth understanding of subjects' experiences, 
enhancing the study's qualitative analysis. 
This research's significance lies in its potential to elevate 
GD education. The study offers insights into improved 
student engagement with complex design concepts by 
assessing the effectiveness of tangible exercises in 
teaching CA and SG. Addressing a literature gap, it 
specifically focuses on tangible exercises for teaching 
GD, potentially influencing GD education and tools 
development. 
In conclusion, this research advances GD practices and 
underscores the transformative impact of hands-on 
learning in design education. 

 

Fig.10 Results of subjects’ responses based on the Likert data 

Conclusion and future work – 

Generative Design (GD) systems in architecture often 
employ various techniques, with two notable ones being 
Cellular Automata (CA) and Shape Grammar (SG). This 
study introduces tangible experiments using kits to 
enhance students' understanding of computational 
thinking in GD. The experiment aims to reveal cognitive 
processes and patterns in students' problem-solving 
approaches. Thematic analysis unveils insights into 
domain-specific knowledge and its role in design 
exploration. The findings underscore the importance of 
tangible exercises in fostering confidence and interest in 
GD, particularly in developing divergent thinking skills. 
The study acknowledges limitations, such as challenges 
in the free-thinking category, prompting the need for 
refined teaching methods balancing freedom and structure 
and the need for further experiments with more subjects 
having diverse backgrounds, which cover more diversity 
of student experiences and learning outcomes.  Valuable 
insights into the effectiveness of tangible exercises using 
CA and SG emerge, suggesting potential extensions with 
additional GD techniques like L-system and Genetic 
Algorithm. Future work may include quantitative 
assessments of the experimental kit's efficacy and more 
detailed transcription analyses to identify computational 
thinking support. The future work could involve 
developing a taxonomy of knowledge based on the 
understanding of designers' and students' thought 
processes, identifying fundamental knowledge crucial in 
the generative design process. This research contributes 
significantly to design education, paving the way for 
future developments and exploration in the field. 
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Abstract 
The Digital Twin (DT) concept in the Architecture 
Engineering Construction and Operation (AECO) sector 
is gaining momentum. Various studies and case examples 
highlight its benefits. However, for broader 
implementation within the sector, there is a need for a 
standardised method for estimating the cost of DTs. This 
paper proposes an extension of the UK New Rules of 
Measurement 2 (NRM2) for estimating the technological 
components of DT systems based on the desired 
capabilities. The DT capabilities are identified through the 
analysis of the theoretical framework, which, combined 
with the analysis of current industry standards, enables the 
development of the NRM2 extension. The need for this 
extension has also been validated through a set of semi-
structured interviews with industry experts in the UK. 
This research contributes to reducing ambiguity in the 
identification and estimation of technological components 
of DTs in buildings.   

Introduction and background 
The benefits of the digitalisation of the construction sector 
(still poorly digitised) are many and include addressing 
major challenges such as carbon reduction, resources and 
energy efficiency, labour shortage and competitiveness 
(European construction sector observatory, 2021). The 
digitalisation trend has been accelerated in recent years by 
the introduction of the DT concept, which can be broadly 
defined as “A digital twin is a virtual model of an object, 
a system, or a process. It is connected to its real-world 
counterpart by a 2-way flow of right-time data, meaning 
it mimics it in all aspects. This helps us test decisions 
before we make them and understand how different 
actions might affect the real world.” (UK Department for 
Business & Trade, n.d.). Though it is known that the DT 
concept has been investigated in several other sectors as 
aerospace and manufacturing (Grieves, 2016), there is no 
agreement on the components that should be included in 
a DT implementation (Shahzad et al., 2022), thus it is hard 
to drive the digital transformation in the construction 
industry, with nothing more than a concept and a number 
of few custom applications.  
In fact, the digital transformation in Architecture, 
Construction, Engineering and Operations (AECO) is not 
confined to the economic cost for the deployment of a new 
set of technologies. In the case of DTs, these costs can 
include for examples the change management activities 
required at the ecosystem level, training and workforce 

upskill, security, together with the hardware and software 
costs.  
In the construction industry, innovation dynamics and 
therefore also the digital innovation,  are often realised 
through projects (Xue et al., 2014) and is well known that 
the success of a project is related to the careful estimation 
of the time, cost and quality of the desired outcomes 
(Association for Project Management, 2019). Within this 
context and with a focus on the economic dimension of 
projects, a careful cost estimation is key to understand in 
depth the required efforts to deliver the desired outputs 
and realise the client requirements and objectives. This is 
crucial, especially in the pre-construction phase in order 
to avoid cost overruns which could deviate completely the 
project scope. 
The Bill of Quantities (BoQ) techniques are fundamental 
tools in the construction sector, used to control the project 
costs. To develop the BoQ it is essential to involve 
methods of estimations which respects standards in the 
way that different stakeholders will be able to understand 
it. One of the widely acknowledged standards is the 
NRM2 from the Royal Institution of  Chartered Surveyors 
(RICS, 2021), which is used for detailed measurements of 
building works. 
This paper proposes a method to estimate the 
technological components of DTs, required to deliver a 
finite set of general capabilities, identified from existing 
DT implementations. The method of estimation of DT in 
this paper is considered as a case of digital innovation in 
AECO which has not been completely explored and 
therefore requires further investigation. The paper also 
proposes a research roadmap on the study of the cost 
associated with the digital transformation in AECO.  
The rest of this paper is organised as follows: the method 
section identifies the research methodology and tools 
used, the analysis of the theoretical framework analyse 
and identifies capabilities and technologies for DT 
systems, the NRM2 extension section showcases the 
developed standard for estimation and the preliminary 
validation through expert interviews, the discussion and 
conclusion refine what has been done against the 
identified research gap, and inform on the research 
limitations and gives direction on future steps. 

Method and tools 
The methodology used for the study is related to the 
design science research methodology (Peffers et al., 
2007), which is used for information systems as this 
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allows the design of a method for the estimation for DT 
systems. The research methodology consists of six 
activities which are developed in sequence, the first 
activity, entails the identification of the problem 
statement, the second activity relates to the definition of 
the objective for a solution, the third consists in the design 
and development, the fourth is the demonstration, the fifth 
is for the evaluation, and the sixth consists in the 
communication. 
Of the above-mentioned activities, the research focuses on 
the first three activities with the latter three and an outline 
of the next steps being discussed in the discussion and 
conclusion section. 
The first activity is presented in the analysis of the 
theoretical framework, and results with the need for the 
development of a method of estimation for DT systems, 
which is needed for solving the identified research gap. 
The second activity is identified through an understanding 
of existing standards of estimation and the relative 
implementation of estimation of DT systems, as currently, 
the research did not identify standards of estimation, this 
would accomplish a better identification of the DT 
systems in the phase of design and their related 
capabilities, and better define the DT requirements needed 
in the project. 
The third activity includes the design and development 
stage, which is centred towards a developed method of 
estimation for DT systems for buildings, this is developed 
in the analysis chapter through the design of a method of 
estimation with the identified DT technologies 
capabilities. 
Furthermore, a validation of the proposed method of 
estimation was undertaken through structured interviews 
in order to understand the experiences of the various 
construction experts involved in digital construction and 
in specific DTs. 

NRM 2 to estimate DT systems 
There are different guidance and standards used for 
estimation, and one of those standards, which is accepted 
internationally, is the New Rules of Measurement (NRM) 
collection, formed by NRM1, NRM2 and NRM3 and 
utilised as a guidance for estimating the building works 
throughout the lifecycle. 
Furthermore, NRM can be taken into account in legal 
proceedings (RICS, 2021) and can be used to produce 
BoQs which follow the standard methods of estimation 
and can be attached as a contractual document in standard 
form of contracts. 
The NRM1 is used for initial cost planning, the NRM3 is 
used for the estimation of building maintenance works, 
and the NRM2 is a standard for the estimation of building 
works during the pre-phase of construction and can also 
be used as a contract document which allows to obtain a 
total price for completing building works. This allows to 
evaluate the project variations and to support the 
management of the cash flow, implementing value 

engineering tasks. The NRM2 can be used as a tool to 
extend methods of estimation of DT, since it contains a 
method of measurement for quantifying the related 
systems and for the exclusion of the components already 
quantified using other parts of the standard (RICS 2021). 
Therefore, the proposed NRM2 extension aims at linking 
the DT capabilities with the technological implementation 
of both the hardware and software parts of DTs in 
buildings.  

Analysis of the theoretical framework 
To define the current costs associated with DT systems 
and their related technological components, in this 
section, we identify the current approaches that deliver the 
capabilities of systems, as described in the ISO 23247 
series (ISO, 2021a). This standard provides a guidance for 
the development of a DT reference architecture and its 
correlation to the functional entities. Likewise, the DT 
application in building systems, assets and whole 
infrastructure involves the use of different capabilities 
that are summarised in Table 1. It has to be noted that the 
application level does not cover the use of DT systems for 
the benefit of the construction site. 
The data acquisition capability (ISO, 2021b) is the 
functional entity for data acquisition and might also 
contain an Internet of Things (IoT) network, which links 
sensors, actuators and the collected data, supporting 
automation. Furthermore, data can be retrieved from 
historical building systems, as for example the Building 
Automation Systems (BAS) and Building Management 
Systems (BMS) (Lu et al., 2020). 
The data modelling reflects the need to create a digital 
representation of the building and its features. It includes 
different data formats and their requirements (ISO, 
2021c), which can enable data, process and system 
interoperability. For example, in Xu et al. (2023), the 
Industry Foundation Classes (IFC) standard and the 
semantic information in JSON file format are combined 
and converted into the 3D tiles standard for its 
interoperability. 
The data analytics capability allows to gain insight or 
prediction from the data provided in the digital 
representation, as for example, in the case of Hosamo et 
al., (2022), who describe the use of “the algorithms 
Artificial Neural Network (ANN), support vector 
machine (SVM), and decision trees to predict severe Air 
Handling Units (AHU) faults”.  
The actuation capability allows the use of the outcomes of 
the data analytics to automate processes and plan 
maintenance. This capability can be enabled through 
advanced functionalities of the IoT network which can 
enhance applications, as for instance the control of the 
Heating Ventilation and Air Conditioning (HVAC) 
system based on room occupancy as outlined in García-
Monge et al. (2023). The curation of the DT system 
involves the maintenance of the whole system, this is done 
through the creation of appropriate data storage and its 
maintenance. 
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Table 1: Case studies and related capabilities 

Application 
level 

Purpose Data Acquisition Data modelling Data 
Analytics 

Actuation Curation Author 

Asset Human robot 
collaboration in 
Facility 
Management 

Robot sensing 
data, asset data 
capture. 

RDF and entity 
relationship 
diagram 

Control 
flow for 
anomaly 
detection 

Physical 
actuators 
and robot 
motion 

Cloud based 
server, DB, 
web platform 
and BIM for 
visualisation 

(Lu et al., 
2023) 

Asset, 
system, 
building 

Real-time 
monitoring of 
the hospital 
facility 

Data on facility 
users, data on 
facility and 
processes 

Web service, 
JSON Schema, 
Connection 
adapters, MOM 

OLAP,HDF
S, OLTP 

Process 
control, 
defect 
detection, 
alarm rate of 
monitored 
points 

BIM for 
visualisation, 
WebGL and 
JSON DB 

(Han et 
al., 2023) 

System Predictive 
Maintenance 
AHU 

IoT sensor 
network, 
environmental 
sensing, and 
system 
monitoring 

Brick ontology 
based on COBie 
data and IFC 

ML, ANN, 
SVM and 
decision 
trees 

Planning of 
maintenance 

Sensor data 
DB and BIM 
for 
visualisation 

(Hosamo 
et al., 
2022) 

System Anomaly 
detection of 
centrifugal 
pumps 

Tags, 
environmental 
sensing, system 
monitoring, 
historic building 
data 

Multi-source 
data through 
IFC and COBie 

CUSUM 
and 
BOCPD 

Anomaly 
detection 
and 
reduction of 
false alarms 

BIM of the 
building and 
web based 
DT platform 

(Lu et al., 
2020) 

System Fault detection 
and diagnosis of 
HVAC 

Environmental 
sensing, and 
system 
monitoring 

JSON file brick 
model with 
fault tags to 
form a 
hierarchical 
structure 

Goodness-
of-Fit test 
with 
Kullback–
Leibler 
divergence 

Unsupervise
d and 
supervised 
fault 
detection 

Adaptive City 
Platform 
digital twin 
platform, 
which 
integrate 
brick schema 

(Xie et 
al., 2023) 

System Fan coils units 
fault detection 
for HVAC 

Environmental 
sensing, system 
monitoring, IoT 
sensor network 

Integrated data 
using BIM 
platform and 
NPM modules 

Integrated 
anomaly 
detection 
flow chart 

Fault 
detection 

BIM and web 
based 
program 

(Villa et 
al., 2021) 

Systems, 
spaces 

Energy 
optimisation of 
HVAC 

Environmental 
sensing, system 
monitoring, tags, 
data on facility 
users, IoT 
network 

Integration of 
data through 
proprietary 
developed 
application 

Quantitative 
data 
analysis 

Decision 
through data 
analysis to 
improve 
efficiency 

Web user 
interface 

(García-
Monge et 
al., 2023) 

Spaces Monitoring of 
room 
occupancy 

Image recognition 
and historical data 

SQL database 
coupled with 
BIM model 

Defined 
thresholds 

Decision-
making 
through a 
cost model 

SQL Cloud 
server and 
BIM for 
visualisation 

(Mannino 
et al., 
2019) 

Building Structural 
Health 
monitoring of 
building 

Structural 
sensing, 
environmental 
sensing, computer 
vision 

BIM with IFC 
and JSON for 
data exchange 
and 3D tile 
standard 

Dynamic 
and static 
mechanical 
analysis 

Building 
Structural 
health 
monitoring 

SQL server to 
store data and 
3D engine for 
visualisation 

(Xu et al., 
2023) 

Building, 
system, 
spaces 

Indoor 
environmental 
quality, energy 
consumption, 
estimation of 
unobservable 
elements 

Environmental 
sensing, systems 
monitoring, 
structural sensing 

MATLAB 
backend 
software for 
data exchange 
between local 
software and 
the simulated 
building 

CFD and 
ODEs for 
building 
zone 
dynamics 

Detection of 
air 
contaminati
on and test 
of fault 
diagnosis to 
improve 
protocols 

Desktop 
application, 
cloud 
platform for 
remote access 
and as is BIM 
model 

(Hadjide
metriou et 
al., 2023) 
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This also involves the use of security systems for the 
collected and stored data, for example in a SQL database 
and a Building Information Modelling (BIM) model as 
showcased in Mannino et al. (2019). 
Table 1 summarises not only the applications of the DT 
concept to several assets levels (i.e., assets, systems, 
spaces, and buildings), but also allows to identify the 
technologies implemented for each individual capability 
in the analysed DT case studies. This forms the 
knowledge basis used for the development of the NRM2 
extension. The identified technologies are in fact 
generalised and indicated as possible cost which must be 
considered in the design phase, for the estimation of built 
asset DTs.  

The NRM2 extension 
The developed method of estimation is outlined in Figure 
1 which showcases the different types of components 
needed for estimation and avails of the current format of 
the NRM2 estimation standard which also includes a 
section including items already incorporated in the 
NRM2. The estimation method designed includes 
sections for components which are identified through 
Table 1. The multiple technologies needed for each 
capability are differentiated between hardware 
components and software components. The costs related 
to the hardware technological components is estimated as 
their prime costs as the supply rate for goods (RICS, 
2021). On the other hand, for software technological 
components, the cost is related to time-related variables.  

Data acquisition 
The data acquisition includes within sub-component 1.1 
the cost of installation of the data acquisition source and 
its associated prime costs, these data acquisition sources 
can be and are not limited to sensors of different kinds and 
QR Codes tags. These sensing technologies should be 
considered in addition to the BMS/BAS parts and are 
typical of DT implementations (e.g., occupancy 
monitoring sensors, air quality, indoor comfort etc.)    
As this requires the installation of a physical element the 
quantities will be enumerated (nr) and for systems which 
could include multiple data acquisition sources, the 
quantities might be itemised (item). These data 
acquisition technologies have all different costs 
associated with their installation and require separate 
analysis. 
A time related charge is allowed for the process related to 
its installation and the duration that the data acquisition 
source will have to stay in position during the construction 
phase which could include the protection to other type of 
works undertaken on site. 
Furthermore, by following the process of installation of 
the data acquisition technologies, there is the need for 
installation and temporary maintenance of 
communication technologies. Thus, the sub-component 
1.2 in the data acquisition section could require batteries 
or cabling - such as an ethernet cable as seen in the ISO 

23247-:2021(ISO, 2021c) - directly to the data acquisition 
source, hence quantities might be itemised for systems or 
numbered for single priced components with a fixed 
charge or time-related charge. Furthermore, the NRM2 
extension allows the possibility of integration of historical 
building data (sub-component 1.3), as outlined 
previously. For example, through BMS/BAS data, 
quantification can be itemised and have a fixed charge 
which would describe the type of data and the related cost 
for provision. 

Data engineering 
The data engineering includes the capabilities identified 
in the data modelling and the curation detected in the 
analysis of theoretical framework. The sub-component 
2.1 includes the preparation of a digital model for the 
target assets processes and their interrelations. For this 
purpose, the BIM approaches can be used as well as other 
Modelling and Simulation (M&S) methods which should 
be identified and quantified as items. BIM, in fact, is an 
information management technique that follows the 
project life cycle. For this reason, a complete data 
management platform needs to be developed and costed, 
in support of the DT functionalities which need to be 
curated along the DT lifecycle. The included sub-
component 2.2 includes the data storage and its related 
maintenance. Sub-component 2.3 regards the 
implementation of security systems and their 
quantification is itemised. Sub-component 2.4 regards the 
data access and interoperability which reflects the need 
for producing and using structured information in DTs. 
This allows systems, processes, and data interoperability. 
Since multiple methods could be used, quantities need to 
be itemised with each system separately, to identify the 
associated costs and pricing method (e.g., fixed charge or 
a time-related charge). 

Data analytics 
As there are multiple approaches for data analytics which 
could be developed, with different systems and which 
needs distinct correlated works, each individual data 
analytics techniques might identified (as outlined in Table 
1). The data analytics method should be stated, and the 
quantities separately itemised and quantified to identify 
the associated costs and pricing method (e.g., fixed charge 
or a time-related charge). 

Actuation 
The actuation includes the sub-component 4.1: the 
installation of actuators of the building systems which 
facilitate the building control and automation of the 
spaces and equipment. These components should be 
considered in addition to the BMS/BAS. Furthermore, the 
included sub-component 4.2 will have to include the 
installation and temporary maintenance of 
communication technologies, which could require 
installations with batteries or cabling such as ethernet 
cables as in examples outlined in the 
ISO23247:2021(ISO, 2021c). 
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Excluded components 
Other tables and existing components already included in 
the NRM2, which may overlap, are excluded for clarity 
purposes. These are the operation and maintenance 
manuals (included in B.12 contractor’s cost items: 
completion and post-completion requirements), the 
preparation of handover plans (included in B.13 
contractor’s cost items: completion and post-completion 
requirements), the inspection (included in B.13 
contractor’s cost items: completion and post-completion 
requirements) and the training of building user’s staff in 
the operation and maintenance of the building engineering 
services systems (included in B.13 contractor’s cost 
items: completion and post-completion requirements), the 
information model and information management for BIM 
(included in A.9 employer's requirements: building 
information modelling - BIM), the mechanical services 
system (included in Work section 38: Mechanical 
services), the electrical services system (included in Work 
section 39: Electrical services). 

Validation of DT Systems designed method of 
estimation 
The next stage of the research concerns the validation of 
the proposed NRM2 extension. For achieving this, a series 
of interviews with four experts was carried out. The 

participants were high-profile professionals in the fields 
of digital construction and have been selected based on 
their standing in the UK industry.  
A total of eight open questions were asked in semi-
structured interviews and are summarised in Table 2.  

Figure 1: Proposed method of estimation for DT systems based on the NRM2 structure. 
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Table 2: Interview questions. 

Question 
1 What is your current profession and your 

expertise in the AEC industry?  
2 How would you define your experience in DTs 

generally? Also, do you have any experience in 
estimation for building works? 

3 Do you think that DTs are beneficial? 
4 What is your current opinion about DTs system 

for operation and maintenance?  
5 Do you think the current proposed section can 

be used in your profession and why?  
6 Can you suggest any improvements to the 

proposed new section of the NRM2?  
7 Would you adopt this section for future 

implementations of DTs?  
8 Do you think the current section could help 

other professionals in future implementation of 
the DT systems in the built environment?  

The experts’ profiles are summarised in Table 3. 

Table 3: Summary of interviewed experts 

Expert Profession and expertise 
P1 Planning and project management 

P2 Works with a built environment professional 
body withing the standards team 

P3 Chartered quantity surveyor working in academia 

P4 Specialised in DTs and strategies 

The analysis of the interviews is presented in the 
following section and focuses on the validation of the 
NRM2 extension while identifying possible further 
developments of the proposed work.   

Validation and benefit of the NRM2 extension for DT 
systems 
The experts P1, P2, P3 expressed the possibility of using 
the proposed NRM2 extension in their work. There are 
several reasons for that. For example, the interviewee P1 
confirms that using a standard such as the proposed 
designed NRM2 extended method of estimation for DT 
systems allows a better understanding and breakdown of 
possible costs and this would increase the transparency of 
the DT design and development process.  
P3 explains that the proposed approach gives the 
professionals involved in the cost process the possibility 
to better understand and quantify what should be covered 
in DT implementation. Furthermore, P2 explains that 
implementing standards for estimation for DT systems 
would be beneficial, and professionals should make sure 
that this is on their agenda when people are looking at 

creating new assets, so the DT components would be 
inserted in the programme and subsequentially costed 
from day one.  

Possible Improvements of the NRM2 extension for DT 
systems 

The experts expressed different suggestions for improving 
the NRM2 extension too. For example, one participant 
suggests to expand each sub-component, since there are 
many things needed to define certain aspects of the DTs. 
However, for effective pricing of these components it is 
understandable to have a broader description.  
Other participants explains that the proposed extension 
has covered few or most grounds of the DT concept and 
this work should not be the end of the elaboration of the 
designed method and the proposed extension should be 
taken further and take into consideration DT systems 
generally and identify the parameters that can be 
measured. Also, the methods to effectively measure them 
should be studied.  
Additionally, the NRM2 extension interlaps with methods 
of estimation already existing on BMS systems. However, 
since a DT system main value is to track data that is 
currently not tracked, the proposed extension should focus 
on the data interoperability aspect, the information and 
where this information needs to be stored as an essential 
part of the DT system. Finally, understanding the system 
architecture that needs to be implemented and how to link 
all the data from different sources should be taken into 
account, as well as focusing on the two essential aspects 
of DTs: fidelity and frequency.  
Discussion and conclusions 
The key objective of this research is to develop a method 
of estimation for DT for aiding the digital transformation 
process, and this sheds light on how digital technologies 
which fit within the DT concept can be effectively costed. 
In fact, the DT implementations play nowadays a central 
role in the construction industry digitalisation and, given 
the wide breadth of applications, represent a significant 
case of digitalisation in the construction industry.  
To address the research gap, we looked into current 
standards and approaches utilised for DT systems 
implementation and through the analysis of the theoretical 
framework we identify some key capabilities: data 
acquisition, data modelling, data analysis, actuation and 
curation. These capabilities are analysed from the 
technological point of view and the enabling items to be 
estimated are identified. For this purpose, the NRM2 is 
used, and this aids the development of a method of 
estimation for the DT system during the phase of design 
which can be used for tendering. This research has been 
developed using a mixed evidence-based method and a 
literature analysis approach. 
One of the main benefits is that the proposed method of 
estimation contributes to creating a standard for the 
estimation of the DT technological components, which 
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streamlines the budgeting activities and improves the 
design and value engineering of the system. 
Further studies should explore in more depth the DT 
capabilities and identify the detailed costs of DT systems 
proposed in the research within the NRM2 extension 
which includes the unit of measure and the applied pricing 
method. For example, the cost functions for each of the 
DT components have not been defined, as well as the total 
cost function. This would form part of the future 
development of this research.   
Moreover, the last three steps of the design research 
method should be addressed, these include demonstration, 
evaluation and communication. Accordingly, the NRM2 
extension should be implemented in a pilot design 
process, so that the results would be evaluated on a real 
testbed. The validation phase (an additional one to the 
preliminary validation carried out through interviews with 
the industry experts) can be carried out using a 
comparative evidence-based approach, assessing the 
effectiveness of the proposed method as opposed to the 
traditional estimation methodologies and through an 
additional round of interviews.   
Also, further studies should explore the possibilities of 
life cycle costing for the implementation of the system and 
its financial/economic benefits throughout the life cycle 
of the building. This would contribute to a better 
understanding of the costs related to digital 
transformation. 
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Abstract 

Smart buildings are becoming increasingly important for 
the construction industry. They are associated with opti-
mization potential for efficiency and therefore ecological 
sustainability. However, there are currently no studies that 
can scientifically prove this thesis. Through a comprehen-
sive methodology involving literature reviews, analysis of 
smart buildings, and expert interviews, the study explores 
the complexities of achieving environmental sustainabil-
ity in smart buildings. Emphasizing the importance of 
standardized definitions, data availability, and collabora-
tion among stakeholders, the paper presents use cases and 
highlights their impact on the sustainability of a smart 
building. Furthermore, information for evaluating the en-
vironmental sustainability of smart buildings is defined. 

Introduction 

According to the European Copernicus Climate Change 
Service 2023 will be the hottest year in the last 125.000 
years. Oktober 2023 even sets a record as the warmest 
month ever recorded, with a global average temperature 
1.7 degrees above pre-industrial levels (Schmid, 2023). 
This underscores the urgency of adhering to the goals of 
the Paris Climate Agreement, not only in limiting global 
temperature rise but also in reducing emissions and adapt-
ing to climate change (Europäische Union, 2016), 
(Bundesministerium für wirtschaftliche Zusammenarbeit 
und Entwicklung, 2023). The building sector, responsible 
for 40 % of final energy consumption in Europe (United 
Nations Environment Programme, 2022), plays a crucial 
role. In Germany, 35 % of total energy consumption goes 
to buildings, contributing to 30 % of annual CO2 emis-
sions, with 75 % of a building's carbon emissions occur-
ring during operation (SmartScore, 2021). 
To address this, there is a need to reduce energy consump-
tion in existing buildings and enhance the sustainability of 
new ones. Innovative construction methods and materials, 
such as 3D printing, wood, clay, and CO2-reduced con-
crete, are being explored (Bäuerle & Lohmann, 2021), 
(Neef, et al., 2020), (Haist, et al., 2023). Simultaneously, 
the adoption of technological solutions, especially smart 
building applications, is increasing (Mordor Intelligence, 
2023). 
Despite the growing interest, there is a lack of comprehen-
sive scientific studies on the ecological sustainability of 
smart buildings, particularly in terms of user and facility 
management practices. This paper aims to fill this gap by 
scientifically analyzing the environmental sustainability 
of smart buildings. 
o Which applications and associated data are necessary

for evaluating the ecological sustainability of a smart
building?

o What data is available for use in a smart building that
goes beyond a classic building atomization and what
additional data is required?

This case study was carried out exclusively in the Smart 
office area, because smart homes have too individual a de-
sign, as well as other data protection difficulties. Further-
more, the smartness of other types of buildings has not yet 
been sufficiently further developed.  It will assess optimi-
zation potential, consider stakeholders (project develop-
ers, owners, manufacturers, and facility managers), and 
scrutinize data flow within smart buildings, identifying 
potential interface problems and data losses. The paper 
concludes with recommendations on calculating the envi-
ronmental sustainability of smart buildings based on prac-
tical experiences and expert insights. 

Literature Review and related work 

Definition of a smart building 

A clear distinction between buildings with classic build-
ing automation and smart buildings was drawn up with the 
help of a literature review. The literature and practical ap-
plications lack a uniform definition of a smart building, 
attributed partly to differing perspectives among project 
participants throughout a building's life cycle 
(SmartScore, 2021), (Monterioa Froufe, et al., 2020). As 
outlined in literature developers emphasize user experi-
ence for increased property value, while facility manage-
ment (FM) focuses on safety and energy savings 
(Qolomany, et al., 2019), (Li, et al., 2020), (Pašek & 
Sojková, 2018). To sustain a smart building efficiently 
and ecologically, there is a need to network stakeholders 
and establish a unified definition.  
Current consensus, based on literature and project analy-
sis, describes a smart building as one equipped with di-
verse technologies (actuators, sensors, microchips) for 
data collection, storage, and analysis (Bosch & Deckert, 
2023), (Plageras, et al., 2018). According to the 
(Fraunhofer-Allianz Bau, 2022), smart buildings use au-
tomation to enhance physical properties through holistic 
control concepts and suitable technologies. They integrate 
existing building automation systems or use autonomous 
sensor technology installed solely for smart building so-
lutions (Graveto, et al., 2022). 
There exist different perspectives on smart building appli-
cations. (Bosch & Deckert, 2023) focus on automated, en-
ergy-efficient, and sustainable building networking that 
positively impacts user experience, climate protection, 
and environmental conservation. (Moretti, et al., 2020) 
emphasizes optimizing maintenance services in smart 
buildings.  
A comprehensive definition emerges from these perspec-
tives that is shown in Figure 1: A smart building is a dig-
itally connected building with diverse technologies and 
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systems. It aims to enhance user experience and positively 
impact the three pillars of sustainability. Smart buildings 
continuously collect real-time data through sensors of the 
facilities, systems and users. This data is transparently 
stored, processed, and evaluated, ideally in a cloud and 
made available to a building management platform. Con-
sidering data over the building's life cycle supports opti-
mization, acting as a foundation for new building plan-
ning.  

Figure 1: Definition of a smart building 

Influence of smart buildings on environmental sus-

tainability  

Research in the field of smart building is becoming in-
creasingly important, especially in relation to environ-
mental sustainability. Figure 2 shows the number of sci-
entific publications on the keywords "smart building" and 
"sustainability" and a continuous increase on Scopus and 
google scholar between 2018-2023. 

Figure 2: Publication in the area of smart buildings and envi-

ronmental sustainability published in the years 2018-2023 

With the Smart Readiness Indicator (SRI), the European 
Union provides a basis for assessing the readiness to im-
plement smart components in buildings. However, this 
does not provide a basis for assessing the sustainability of 
the building (The European Commission, 2020). Rising 
energy costs and the need to meet the Paris climate targets 
(Koch, 2023) mean that companies want to reduce their 
consumption in office space through energy monitoring 
(Nulsch, 2023). ISO 52120-1:2021 deals with the influ-
ence of building automation and management on energy 
efficiency (DIN e.V., 2019). This shows a correspondence 
with the analyzed use cases of a smart building. The stand-
ard uses a factor-based method to estimate the influence 
of energy consumption based on the degree of automation 

of various functions. Improving the energy efficiency 
standard according to the standard can lead to significant 
savings, although previous standards have listed similar 
factors. In literature it is stated, that smart buildings could 
save 10 % - 25 % in energy (Fraunhofer-Allianz Bau, 
2022), (Fraunhofer-Allianz Bau, 2023), (Jacob & 
Kukovec, 2022). Annex 81 addresses the fact that the po-
tential of digitalization for the energy efficiency of build-
ings has not yet been fully exploited. among other things, 
the project aims to develop software applications with the 
help of available cost-efficient data in buildings. Semantic 
standards are defined and an open data platform is re-
quired (International Energy Agency, 2023). 
Manufacturers promote smart buildings as a driver for en-
vironmental sustainability in the building sector, focusing 
on reduced energy consumption, cost reduction and in-
creased comfort through intelligent optimization systems 
that adapt energy consumption to occupancy and use. 
More efficient use of space saves resources and maxim-
izes stakeholders' profits (Siemens Schweiz AG, 2020). In 
order to evaluate the savings and optimizations of envi-
ronmental sustainability by smart buildings, an analysis of 
23 manufacturers have been conducted in addition to the 
literature review. The information was taken from product 
catalogs, white papers, proof of concepts or the compa-
nies' websites. Eight of 23 companies indicate potential 
savings, that vary from 10 % up to 40 %. Some providers 
regard the energy in general, others differentiate between 
heating and lighting energy. A few put the savings in heat-
ing costs or operating costs at between 30 % and 40 %. 
One claims to achieve area savings of 30 %. The other 15 
companies do not provide any information on savings. 
The analysis showed 5 major problems in defining the en-
vironmental sustainability for smart buildings: 
1. No information is provided on the initial values (e.g.,

planning or previous years of operation) or the basis
for calculating the savings,

2. predominantly no information on whether the savings
relate to thermal or electrical energy,

3. the number given cannot be substantiated, as gener-
alized statements about CO2 savings are often made
or an increase in the users' sense of comfort is sug-
gested, as well as falling personnel costs due to a
healthier environment,

4. the focus is on long-term savings potential rather than
short-term added value and

5. changes in the use or operation of the property, devi-
ating conditions in facility management and other rel-
evant factors on the technical side are not mentioned.

None of these problems will be solved by special solu-
tions in showcase buildings. In order to make the building 
sector more sustainable, solutions are needed for the 
building sector as a whole.  

Methodology 

Based on the literature review (Literature Review and re-
lated work) on "smart building" and "environmental sus-
tainability" keywords was conducted using databases like 

147 178 223 253 285 235

0

100

200

300

2018 2019 2020 2021 2022 2023

Number of publications

659



Google Scholar and Scopus, the revision of the research 
gaps is carried out in three steps, that are shown in Figure 
3. 

Figure 3: Methodology of this paper 

Step 1 analyzed the current link between sustainability 
and smart buildings in Practice. Therefore, firstly 15 Case 
Studies of Smart Buildings in Central Europe were ana-
lyzed. Afterwards, the results were validated by guided 
interviews with 67 experts provided qualitative and quan-
titative insights. By doing so, the use cases, that affect the 
ecological sustainability of smart buildings, were evalu-
ated. 
Step 2 outlines limitations in sustainability analysis due to 
data availability. Hereby, the challenges highlighted in the 
expert interviews (e.g., data availability) were first sum-
marized and discussed. Based on that, the data of 4 smart 
buildings, that were provided by the Facility Management 
and the building owner, were analyzed. In addition to that, 
the loss of data throughout the data processing from data 
collection to data usage is evaluated based on the case 
studies and further expert interviews. 
Due to the lack of complete data, that could proof the sus-
tainable impact of smart buildings, recommendations for 
necessary smart building data are made in a final step 
(Step 3). 

Step 1: Analysis of the environmental sus-

tainability of smart buildings in practice 

In order to evaluate the environmental sustainability 15 
Case Studies were analyzed. Furthermore, 25 guided in-
terviews were conducted with participants from 67 re-
quested companies in asset and facility management (AM 
& FM), general contracting (GC), hardware and software 
manufacturers (manufactures) in building services, engi-
neering, planning (P), project development (PD), and 
owners (O) (Figure 4) in order to validate the results of 
the Case Study analysis.  
The companies were selected based on literature, project 
analysis, and smart building experience. Only 25 compa-
nies could provide insights into the link between smart 
buildings and sustainability, resulting in a 37 % response 
rate. Interviews took place between April 17 and June 30, 
2023, either via Teams or on-site, with four companies 
also submitting written information.  

Figure 4: Participants’ structure of the expert interviews 

The expert interviews were based on the analysis from the 
basic analysis and the use cases of smart buildings, which 
were evaluated in workshops with experts. Drawing on 
existing knowledge, freely available content from imple-
mented smart buildings, planning documents, and input 
from Central European smart building planners, use cases 
were clustered and evaluated for their environmental sus-
tainability impact. A total of 64 use cases were evaluated. 

Evaluation of the use cases of smart buildings based 

on Case Studies and interviews 

The analysis of 15 Smart Offices in Germany and Central 
Europe identified 64 use cases. Due to expert interviews 
those can be categorized into seven main areas. In addi-
tion, the potential influence of these on the three pillars of 
sustainability was identified. Examining the implementa-
tion rates of these use cases in smart offices, Figure 5 il-
lustrates their distribution. The further out the use cases 
are placed, the more frequently they are implemented 
(Percentages in Figure 5). Notably, 34 % of all use cases 
impact environmental sustainability (shown in bright 
green), while 52 % influence economic sustainability, and 
72 % impact social sustainability (shown in dark green).  
The dominance of energy supply (82 % of use cases) and 
water supply (100 % of use cases) is evident in their sub-
stantial influence on the environmental sustainability of 
buildings. Only 36 % of the environmentally sustainable 
use cases were implemented in at least 50 % of the ana-
lyzed buildings, challenging the notion that smart systems 
are primarily implemented for environmental reasons. 
Most use cases affecting environmental sustainability 
(72 %) were implemented in less than 33 % of the smart 
buildings. Further examination highlights that use cases 
related to information management, user experience, and 
building security significantly impact social sustainability 
and user comfort. Over half (56 %) of these use cases 
were integrated into more than 33 % of the buildings, in-
dicating a predominant focus on user satisfaction and ex-
perience rather than increasing environmental sustainabil-
ity. 
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Detailed expert interviews demonstrate that environmen-
tal sustainability is regularly not the primary objective of 
smart buildings but emerges as a by-product. Figure 6 the 
distribution of use cases impacting environmental sustain-
ability, as well as their combinations with social and eco-
nomic sustainability. Only 6 % of use cases exclusively 
impact environmental sustainability, while 61 % influ-
ence both environmental and economic sustainability. 
This dual impact is often due to the intention to operate 
buildings more cost-effectively, with reduced energy con-
sumption correlating with improved ecological sustaina-
bility. Additionally, 33 % of use cases impact both social 
and environmental sustainability, reflecting the intercon-
nected nature of these factors. This reiterates that the in-
fluence on ecological sustainability is typically a second-
ary outcome of smart building implementations. 

Figure 6: Percentage distribution of use cases with influence 

on the three pillars of sustainability 

61%33%

6%

Percentage distribution of use cases 
impacting:

Ecological and economic sustainability
Ecological and social sustainability
Ecological sustainability

Figure 5: Illustration of the use cases of a smart building depending on the areas of application and illustration of the influence on 

environmental sustainability, as well as the frequency of use cases in realized smart buildings 
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Summary of the results and critical discussion 

Based on the statements of the experts, 4 trends can be 
identified in which the use of smart buildings can lead to 
an optimization of ecological sustainability:  
1. several experts confirm that the increase in mobile
working that occurred during the Corona pandemic re-
sulted in a high vacancy rate. This increased the im-
portance of and interest in use cases that optimize the use
of space, such as workplace booking or space manage-
ment. This allows space savings to be achieved, which can
reduce both grey energy and energy in operation, as space
is used more optimally.
2. At the same time, these are aimed at environmental sus-
tainability through side effects such as needs-based heat-
ing or air conditioning.
3. Sustainable management of buildings can also be
achieved through the shared use of resources, such as
meeting rooms, cars, workstations, etc.
4. an analysis of consumption values and the presence of
people can contribute to optimized energy use (e.g., by
reducing the use of space in the company).
Expert interviews reveal that smart building use cases can 
enhance environmental sustainability, but there is disa-
greement on whether smart functionalities are essential 
for sustainable construction and operation. Some argue 
that sustainable practices can be achieved through optimal 
design and material choices alone, while others emphasize 
the importance of needs-based regulation and suggest ad-
ditional energy savings through sensor and hardware uti-
lization. The following section provides detailed insights 
into these perspectives. The experts also assert that a 
building's operation can be made more ecologically sus-
tainable through analyses and subsequent optimization of 
energy consumption or space utilization (Figure 7). This 
definition of the functionality levels can also be found in 
the definition of the SRI. However, insufficient infor-
mation is available on the data basis for calculating these 
savings, with only one interviewee from the manufacturer 
group mentioning the starting point as the planned energy 
demand of the building. It is unanimously agreed among 
the experts that smart functionalities serve as optimiza-
tions rather than remedies for planning errors. 

Figure 7: Exemplary optimization levels of the use cases 

Step 2: Analyzing limitations of the sustaina-

ble smart building due to data availability 

This section summarizes expert assessments of the initial 
situation regarding data availability in the real estate sec-
tor. Afterwards, the data basis used by the experts in their 
own companies will be examines. Finally relevant build-
ing data from the study that can be used to measure and 
assess the environmental sustainability of a building is 
listed. 

Case Studies 

6 % of the requested experts were able to provide data 
from their smart buildings. The remaining respondents re-
ferred to data protection or were unable to provide data 
for other reasons. The received data sets were incomplete 
or not meaningful. For two buildings, the data could only 
be provided monthly and for one building only annually. 
It was not possible to clearly identify the system bounda-
ries to which the data refers. In addition, in three cases, 
information on the building was missing. Therefore, it 
was not possible to analyze the sustainable operation of 
an actually implemented smart building. As a result, the 
savings claimed by the experts cannot be validated. For 
this reason, data and their collection interval, which are 
necessary for the evaluation of the building operation, 
were identified and summarized in Table 1. 

Initial situation of the real estate sector regarding data 

availability according to the experts  

A smart building requires the effective use of data stored 
in the cloud to promote environmental sustainability. It is 
necessary to capture data from the building management 
system, integrated use cases and the entire life cycle of the 
building. All data (e.g., building model, consumption 
data, attendance data, FM data, BMS data) from the build-
ing must be available over the entire life cycle in order to 
be able to derive optimization potential from the data. 
20 % of experts emphasize that large FM companies often 
prioritize functionality and user well-being, while build-
ing sustainability is neglected. 50 % of manufacturer ex-
perts report impairments due to manual interventions in 
automated processes. Furthermore, two experts noted that 
the operators often do not have the necessary in-depth 
knowledge of all the processes and functions of the build-
ing and also do not have the capacity to operate a building 
in a technically professional manner. Another expert crit-
icized the fact that the owners have no need to make the 
management of the building more sustainable, as the ten-
ants bear the energy costs. Continuous optimization for 
sustainable operation moves into the background. Some 
owners have only shown an interest in sustainable build-
ing operation since the changes in the real estate industry, 
as tenants now bear the energy costs.  

Current data basis of the experts 

Figure 8 shows the results of the expert interviews on the 
use of the data collected in smart buildings and highlights 
the data flows and losses. It was interrogated whether data 
on building operation is recorded and if this data is used 

Smart Metering:

Simple data 
collection

Energy reporting:

Dashboard for 
displaying 
consumption data

Energy 
management:

Analysis of recorded 
consumption data 

Smart data analysis:

Optimization based on 
dara analysis
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for further purposes. The status of cloud solutions for data 
storage was also determined. 
60 % of the companies surveyed collect building operat-
ing data (marked in orange), either directly by owners, 
FM or third-party providers. 28 % plan to collect data, 
while 12 % have no plans to do so. 
Of the companies collecting data, 20 % do not use the data 
further and the storage locations are unclear. The remain-
ing 80 % use the data for FM support, plant optimization 
or sustainable operational control. This corresponds to 
48 % of all companies surveyed, with 75 % of these data-
collecting companies being manufacturers. Only 62 % of 
the project developers and owners surveyed receive data 
from manufacturers, which is merged in PowerBI dash-
boards. A proprietary building operating system is rarely 
used. Over 50 % of experts do not use any building tech-
nology or energy-related data for optimization in their 
companies. Only 32 % of interviewed companies store 
data centrally in a cloud. However, they all belong to the 
group of manufacturers who sell the clous as part of their 
portfolios This means that it is not possible to draw any 
conclusions as to whether the relevant players (FM, build-
ing owners, etc.) use the data centrally for long-term anal-
yses and evaluations of optimization scenarios. 

Difficulties in data availability 

The aim of this paper is to compile relevant data for the 
uniform assessment of smart buildings in terms of envi-
ronmental sustainability. The following section presents 
the necessary data basis. In the validation phase following 
the interviews, only four companies provided data on their 
smart buildings, which was largely implausible and in-
complete. Due to a lack of data quality, no conclusions 

could be drawn about the operation and sustainability of 
the buildings. Data protection issues and concerns, partic-
ularly in relation to the General Data Protection Regula-
tion (GDPR), also prevented 73 % of experts from releas-
ing data. Works councils were against use cases that col-
lect personal data, such as access controls, due to concerns 
about employees' privacy rights. The debate on data pro-
tection versus sustainability remains open. Two experts 
criticized the lack of availability of data for optimization 
and research purposes, while one manufacturer consid-
ered anonymized provision of customer data in the future 
but pointed to limited resources. 

Step 3: Definition of Relevant Data for as-

sessing environmental sustainability 

The results of the expert interviews and available data 
show the current problem in the building sector: data 
availability. Data is regularly not recorded and stored suf-
ficiently over a long time by the building management 
system. Data failures go unnoticed and even existing data 
is not used optimally. A sufficient data basis is crucial so 
that the collected data can be automatically processed and 
made available to users, asset managers and other stake-
holders in a clear and concise manner. Only in this way 
can the data be used for optimization and have a positive 
impact on environmental sustainability. The building 
management system often records various data over a pe-
riod of time, including supply and return temperatures, 
control signals and status messages from technical com-
ponents. This data can already indicate major errors in the 
regulation and control system.  
To assess the sustainability of smart buildings, the experts 
listed implemented use cases and provided consumption 

Figure 8: Illustration of the current data basis based on the expert interviews 
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data for heating, cooling and electricity at quarter-hour in-
tervals. The inclusion of occupancy data, such as the num-
ber and type of occupants, was considered crucial. The in-
formation requested included building area, type of use, 
number of employees, occupancy data, metering con-
cepts, floor plans, heating/cooling systems, ventilation 
and sensor infrastructure. Based on these criteria, relevant 
data for the environmental sustainability analysis in smart 
buildings is compiled in Table 1. 
Table 1: Data basis for the sustainability assessment of a smart 

building 

Nature of the 

data  
Description  

Energy consumption data (heating, cooling and electricity) of the 

building  
Consumption data 
for the entire build-
ing, individual 
parts of the build-
ing or rental sec-
tions  
- General, tech-
nical and tenant
electricity - Heat-
ing/cooling con-
sumption of the re-
spective rental ar-
eas, if applicable 
meeting and con-
ference rooms rec-
orded individually 

Ideally, consumption data should be recorded on a 
quarter-hourly basis and broken down into individ-
ual building sections. Smaller-scale recording ena-
bles more precise monitoring and must be selected 
according to the type of use of the building.  
[kWh]  

Emission factor of 
the respective ener-
gies  

CO2-equivalent data for different energy sources 
according to the Law on Energy Efficiency. To 
compare the type of energy supplier in different 
buildings. [gCO2e/ kWh]  

Outdoor tempera-
ture  

To classify the amount of energy consumed. Ide-
ally every 15 minutes for consumption [°C]  

Planning documents  

Average demand 
of Energy  

Comparative value for checking the operation. 
This must not be exceeded. [kWh/ m²a]  

Building area or 
individual rental 
space  

For consumption data of individual sections, in 
each case with details of the gross floor area. Allo-
cation and comparison of the different areas. [m²]  

Type of use  List of the types of use in the building (office, can-
teen, daycare center, fitness studio, etc.). Relevant 
for assessing the energy consumption of the smart 
building as such. As well as for the comparison of 
other smart buildings by type of use.  

Heating and cool-
ing generation sys-
tems,  
air conditioning 
systems  

Information on the type and output of the systems. 
To classify the energy requirement depending on 
the respective energy source. As well as for check-
ing the control behavior.  
[ e.g. kW]  

Building automation and smart building 

Data points of the 
different systems  

Type and number of data points of the technical 
building systems installed in the building  

Individual room 
control  

Zone size incl. number and type of connected data 
points  

Fault message for-
warding  

Information on the process chain in the event of a 
fault message from a system or system component. 
Not directly for comparison or evaluation of eco-
logical sustainability, but decisive for optimization 
potential of the systems.  

Metering concept  Necessary for the allocation of consumption data. 

List of imple-
mented use cases  

Incl. description, for assessment of smartization. 

Data storage  Information on the duration of data storage and 
storage location to ensure data availability for the 
analysis of the building.  

Sensor infrastruc-
ture  

Type and number of sensors or concepts regarding 
the installed sensors (brightness, occupancy, tem-
perature, air quality such as CO2, Bluetooth bea-
cons), to assess smartization.  

Operation  

Occupancy data  Information on m² per person, as well as time-re-
lated information on the use of the building area. Is 
required to assess the energy consumption. [m²/n; 
n/h]  

Number of em-
ployees  

For comparison with other smart buildings [n]  

Evaluation of the 
use cases  

Evaluation of the frequency of use of different use 
cases. To identify the optimization potential re-
garding the use of the building's Smartness.  

The identified essential data for evaluating building oper-
ation provides a basis for analyzing smart buildings in 
terms of their sustainability. This database must be vali-
dated in further studies.  

Conclusion and recommendations for action 

The analysis relies on the standardized definition of a 
smart building established in this paper across different 
building types. The clustering of use cases serves as a 
common foundation for assessing potential impacts on en-
vironmental, economic, and social sustainability. Cur-
rently, ecological sustainability is often considered a by-
product of improved economic or social sustainability. To 
enhance ecological sustainability, more dedicated ecolog-
ical use cases need implementation. It's important to note 
that technological advancements may introduce new use 
cases for smart buildings. 
However, the analysis reveals the incompleteness and 
poor traceability of provided data, particularly concerning 
energy consumption. Technical and data protection rea-
sons hindered obtaining further information on data clas-
sification, occupancy figures, outdoor temperatures, or 
measurement concepts, rendering the database unreliable. 
Consequently, results were supplemented with expert in-
terviews, and strategies for future data collection were de-
veloped.  
The study's limitations include the exclusive use of smart 
offices from Central Europe and a lack of representation 
from companies outside Europe. Additionally, the short 
lifespan of the smart buildings studied suggests that oper-
ators may lack a holistic understanding of building func-
tions and processes. The study does not address the em-
bodied carbon of components like sensors, actuators, and 
cables, posing a need for comprehensive assessments. The 
study highlights potential for further investigations, par-
ticularly regarding the embodied carbon of data storage 
throughout a building's life cycle. 
The identified essential data for evaluating building oper-
ation provides a basis for analyzing smart buildings in 
terms of their sustainability. To validate the defined data 
basis, real buildings must be monitored over an extended 
period. Potential increase in CO2 emissions from addi-
tional hardware and data storage should be considered. A 
comparison with similar buildings lacking smart imple-
mentations can provide valuable insights. 
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Abstract 

Digital modelling has significantly progressed. Many 
scholars have reviewed and summarized the research of 
digital modelling. However, the reviewer needs to 
consider the practical applications of digital modelling at 
different scales. Multi-scale digital modelling (MSDM) 
refers to digital models that contain different levels of 
geometric or semantic details. This paper presents a 
systematic literature review (SLR) of MSDM. Distributed 
energy generation is one of the most worthwhile research 
directions. In the future, distributed energy generation 
systems - energy storage systems - and buildings or urban 
infrastructure should be interconnected based on MSDM. 

Introduction 

Digital modelling of buildings and cities is becoming an 
important research topic. Digital models of buildings, 
usually referred to as Building Information Models (BIM) 
or 3D building models, are detailed, accurate, and visual 
representations of buildings. BIM can be utilized across 
all stages of a building's complete lifecycle, including 
design, construction, operation, and maintenance (Qiu et 
al., 2021). In the design phase, BIM facilitates a more 
profound understanding among all stakeholders of the 
building's details and overall design compared to 
traditional 2D drawing models, allowing for the early 
identification of potential design issues such as clashes in 
piping or structural elements (Huh et al., 2023); in the 
construction phase, BIM aids in visualizing construction 
progress and enhancing on-site safety management (Tu et 
al., 2021); in the operation and maintenance phase, the 
energy consumption (Kamel and Kazemian, 2023) and 
carbon emissions (Lu and Deng, 2023) generated during 
the use phase of a building can be estimated from the site 
data collected by BIM and devices like sensors. A key 
benefit of BIM and equivalent technologies is their object-
oriented nature, which ensures that models accurately 
represent physical and functional characteristics and 
encompass objectified relationships among building 
components. Despite its benefits, BIM is mainly only used 
in the design phase (Tu et al., 2021). The main reason is 
that BIM is required to carry different information for 
different phases, and too much useless information will 
reduce users' willingness (Wang et al., 2022). Therefore, 
it is necessary to develop BIMs containing different 
information or to automate the addition or subtraction of 
BIM information for different usage requirements. 
Digital models of cities usually referred to as City 
Information Models (CIM) or 3D city models, which need 
to consider topographical data such as mountains, rivers 
and buildings and infrastructure (Xia et al., 2022). Souza 

and Bueno (2022) have shown that CIM contains 
Geographic Information System (GIS) data and BIM data, 
as well as data collected by the Internet of Things (IoT) 
and sensors. It enables automatic management of urban 
information and predictive reasoning about urban 
problems. For example, as different regions and buildings 
in a city have different energy demands and consumption 
(Camero and Alba, 2019), CIM can help predict energy-
associated problems ((Xia et al., 2022) (Weil et al., 2023)). 
Although CIM can present a wealth of information, CIM 
faces a similar problem as BIM: they both carry a wealth 
of information, which makes users who only need a 
specific piece of information reluctant to invest additional 
time and resources to get the information they need from 
it. In other words, the development of BIM/CIM with 
different information or the ability to automatically add or 
subtract information from BIM/CIM is a real need for 
most users. In BIM/CIM, 3D geometric models are 
critical primary data. To improve the user experience and 
meet different business requirements and application 
scenarios, developing digital models with different 
geometric levels or graphical simplification may be an 
effective way. 
The same Digital models may have different levels of 
detail (LoD) in different application scenarios. LoD refers 
to the representation of a 3D model with different data 
information, mainly concerned with the geometric details 
of the graphics. In BIM/CIM, there is a similar concept of 
LoD, but it is not limited to graphical rendering but also 
includes other information (Deng et al., 2016). In the 
commonly used CIM data exchange format City 
Geography Markup Language (CityGML), LoD is not 
only the complexity of the geometrical level of the city 
model but also includes the complexity of the semantic 
information (Kolbe et al., 2005). The concept of LoD also 
exists in BIM. However, the current level of development 
(LOD) is more widely used than LoD, which was 
developed by the American Institute of Architects (AIA) 
as an improvement of LoD and started with five levels 
from LOD 100 to LOD 500 (Abualdenien and Borrmann, 
2022), corresponding to the five phases of 
conceptualization, approximate components, exact 
components, construction, and completion. The 
BIMForum has further improved the AIA definition by 
developing a new LOD350 level and publishing the LOD 
Specification. In addition to defining LoDs with expert 
knowledge, it is also possible to adjust the LoDs of the 
model using some software, such as Blender and Unity, 
which can modify graphics details. Fig. 1 shows the result 
of representing the exact Monkey in Blender with a 
different number of surfaces.
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Figure 1: Blender generates a Monkey with different numbers of faces 

Although some standards for LoDs exist, there still needs 
to be more clarity in understanding the information 
required for LoDs in different countries and organizations, 
especially concerning geometry. The main reason is that 
semantic information can usually be normalized into a set 
of attributes, but systematically examining the geometric 
details of a model, developing appropriate criteria to 
classify the hierarchy of geometries, and applying them to 
specific models is very difficult (Abualdenien and 
Borrmann, 2022). In addition, integrating the models of 
different LoDs into a city model is also a challenge. Table. 
1 shows the LoD of BIM defined by AIA and the 
definition of LoD by CityGML 

Table 1: LoD Definitions for BIM and GIS 

LoD of BIM LoD of GIS 

LoD 100: Information 
on building height, 

area, and volume for 
conceptual design 

LoD 0: Digital 
Elevation Model 

(DEM) and Digital 
Orthophoto Map 

(DOM) for regional 
landscape 

representation scale 
LoD 200: Approximate 
information on generic 

elements for 
preliminary design 

LoD 1: Block models at 
the city and regional 
representation scale 

LoD 300: Detailed 
information on specific 
components for detailed 

design 

LoD 2: Basic models at 
the district and street 
representation scale 

LoD 400: Complete 
construction and 

installation information 
for the construction 

design 

LoD 3: Standard 
models for 

representative building 
exteriors 

LoD 500: Information 
on structural 
components 

corresponding to the as-
built design 

LoD 4: Advanced 
models for 

representative building 
interiors 

Similar to this review, many scholars have reviewed and 
summarized the literature on BIM, GIS, Urban Digital 

Twin (UDT), and other themes related to digital 
modelling. Table. 2 shows some of the representative 
literature. 

Table 2: A representative collection of literature reviews 

related to BIM/GIS/UDT 

Articles Main Contents 

Wang et al., (2019) 

It provided a review of 
BIM-GIS integration in 

sustainable built 
environments. 

Jiang et al., (2021) 

It identified recent 
advances in DT in civil 
engineering and made 
recommendations for 

future DT 
developments. 

Khan et al., (2022) 

It highlighted the 
challenges and future 

directions of multiscale 
modelling for 

megacities and 
intelligent cities. 

Kamra et al., (2023) 

It summarised 
techniques for 

lightweight city 
reconstruction and 

indicated future 
research directions. 

Weil et al., (2023) 

It summarised the main 
challenges and 

unresolved issues 
related to the 

implementation of 
UDT. 

Compared to the representative literature review in Table. 
2, this SLR focuses on the MSDM for buildings and cities. 
With the rapid development of information technology 
and the further expansion of urban boundaries, the 
demand for MSDM will skyrocket(Abualdenien and 
Borrmann, 2022). Therefore, an SLR is needed to inform 
scholars of the current research gaps on MSDM and more 
accurately capture future research priorities. 
The rest of the paper follows: Chapter 2 introduces the 
methodology applied, describing the SLR protocol. 
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Chapter 3 shows the results obtained by SLR. Chapter 4 
discusses the inspirations gained and points out future 
research priorities. Chapter 5 summarises the whole paper 
and further highlights the contributions made in this SLR. 

Methodology 

Searching database and keywords 

The literature covered in this SLR is at the intersection of 
civil engineering and computer graphics. Since computer 
technology requires high timeliness and many scholars 
will publish their papers at conferences, this SLR needs to 
cover conference and journal papers. Four academic 
databases, ACM Digital Library, IEEE Xplore, Scopus, 
and Web of Science (WOS), were selected for searching. 

The ACM Digital Library and IEEE Xplore are critical 
academic databases for computer science, containing 
many conference papers and some journal papers related 
to computer graphics (Cheng et al., 2022). Scopus and 
WOS are more comprehensive in their coverage of the 
subject areas and contain more abundant journal papers 
(Srinivasan and Yadav, 2023) and, therefore, serve as a 
supplement to the ACM Digital Library and IEEE Xplore. 
After determining the search database, this section will 
identify the search keywords. Considering that the core 
research question of this SLR is "Research on 
Building/City MSDM," this SLR divides the required 
keywords into two parts. Fig. 2 shows the complete search 
formula (four databases use a similar search logic). 

Figure 2: Schematic diagram of the used search formula 

Literature screening criteria 

After reading the title-abstract-keywords of each piece of 
literature, literature duplicated or did not meet the 
research objectives was excluded, and the detailed 
literature screening criteria were as follows.  
(1) Removing literature whose form of publication is not
an article or conference paper (published as a book,
magazine, etc.); (2) Removing literature whose language
of publication is not English; (3) Removing literature in
apparently unrelated subject areas (e.g., Nursing,
Veterinary, Dentistry, etc.); (4) Removing literature that
is purely theoretical, purely conceptual and not focused
on digital modelling; (5) Removing duplicates. After
obtaining all the powerfully relevant literature, further
reading the full text and delineating the literature at both
cities/buildings’ scales. Define the building scale as a
single building or a component within a building and the
city scale as multiple buildings or the integration of BIM
with GIS.

Extracted information 

After obtaining the required literature, further reading of 
the full text extracted more detailed information. The 
extracted information included the primary statistical 
information data of the literature. The following 12 
categories of information were extracted: authors, 
affiliation of the first author, country of the first author's 
affiliation, date of publication, name of the journal or 
conference, keywords, purpose of the study, software or 
tool used, source of the data, format of the data, 
methodology of the study, and results of the study. 

Results 

Overview 

Firstly, the initial search results were IEEE Xplore (123), 
ACM Digital Library (1316), Scopus (1655), and Web of 
Science (787), with a total of 3881 pieces of literature 
retrieved. Secondly, based on the screening criteria, 3881 
pieces of literature were refined, resulting in 452. Then, 
the full text of 452 pieces of literature was carefully read, 
resulting in 45. Finally, the literature was divided 
according to the definitions of building scale and city 
scale. Twenty-four pieces of literature were obtained for 
the building, 21 for the city. 

Research themes 

Fig. 3 shows the application scenarios for city/building 
MSDM. In City management, there are main eight 
application scenarios. For Urban Renewal 
Synchronization, Qin, (2014) detected changes in the 
LoD2 building model using satellite-based stereo images 
from different dates. For Energy Demand Simulation, 
Nouvel et al., (2017) investigated the impact of data 
quality, such as geometry and semantics, on SimStadt's 
estimation of heating demand. The LoD1 model can 
reliably estimate the heating demand of an area, and the 
LoD2 model can reliably estimate the heating demand of 
a single building. De Jaeger et al., (2018) quantified the 
geometric and energy characteristics differences between 
the five variants of LoD1 and LoD2. It investigated the 
availability of LoD1 and LoD2 and the impact of building 
geometry in regional energy modelling. For Energy 
Consumption Simulation, Johari et al., (2022) analyzed 
the impact of LoD on energy use in different types of 
multifamily residential buildings. The effect of LoD was 
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negligible in heating seasons, whereas it was significant 
throughout the year. The deviation between LoD1 and 
LoD3 was as high as 9%. For Solar Energy Simulation, 
Nahon et al., (2013) argued that using adaptive LoD 
speeds up calculations and ensures accuracy. Besuievksy 
et al., (2014) introduced a flexible LoD system that allows 
the user to specify the geometric hierarchy of geometric 
models for solar simulation. Besuievksy et al., (2014) 
estimated the annual solar irradiance of a building's roof 
using Monte Carlo simulation and conducted uncertainty 
analyses in different LoD models. Besuievsky et al., 
(2018) proposed a new LoD strategy that automatically 
detects and preserves the geometries (e.g., roofs) that 
affect the solar simulation. It simplified the rest of the 
geometries. Machete et al., (2018) evaluated the impact of 
the urban environment on the exposure of building roofs 
and facades to solar radiation by combining a 3D GIS with 

a solar radiation tool and using two different modelling 
approaches (2.5D and 3D methods). Peronato et al., (2018) 
simulated the solar irradiance of 109 buildings at different 
spatial and temporal granularities using the LoD2 model. 
Saretta et al., (2020) defined the LoD2.5 model to 
estimate the BIPV potential of a city containing facades. 
Han et al., (2022) predicted the regional power potential 
by analyzing the variation of shading effects between the 
LoD1 and LoD2 models. Krapf et al., (2022) extracted the 
roof superstructure from aerial imagery using deep 
learning, which can improve the solar simulation's 
accuracy. Yan et al., (2023) reconstructed three-
dimensional buildings from high-resolution satellite 
imagery using a detail-oriented deep learning method and 
estimated the solar power potential. For Climate 
Simulation, Chen et al., (2020) cited 16 LoD models 
defined by Biljecki et al., (2016) for climate simulation.  

Figure 3: Application scenarios for city/building MSDM 

In Building management, there are main ten application 
scenarios. For Design Management, Leite et al., (2011) 
evaluated the effort required to generate BIMs with 
different LoDs and the impact of LoDs on design 
coordination, such as electrical and plumbing (MEP). 

Huang et al., (2022) extended IFC to develop BIM models 
of metro stations with multiple LoDs, which can cope 
with different scenarios. For Construction Management, 
Han et al., (2015) enhanced the 4D BIM with lower LoDs 
to provide visual construction progress assessment for 
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some projects. For Facility Management, Dias and Ergan, 
(2016) developed LoDs for facilities management. For 
Construction Waste Management, Sanchez et al., (2021) 
developed methods to automatically determine 
parameters that can be disassembled and defined BIM 
models and parameters for disassembly. For Structural 
Analysis, Briggen et al., (2009) used Computational Fluid 
Dynamics to predict Wind-driven rain volumes, 
concluding that façade geometric detailing significantly 
affects localization. Gonizzi Barsanti et al., (2023) 
obtained appropriate geometric detailing level models 
from the point cloud data, which can be used directly in 
finite element calculations. For Cost Analysis, Wood et 
al., (2014) enabled the automatic calculation of design 
costs by matching building material data with cost data on 
different LoDs. For Energy Consumption Simulation, 
Geyer et al., (2018) proposed a multi-LoD modelling 
approach combined with machine learning algorithms to 
predict energy performance. Malhotra et al., (2019) 
compared different LoDs and determined the LoDs 
required for heating load simulation. Singh and Geyer, 
(2020) analyzed the extent to which design parameters 
influence energy consumption prediction. It identified the 
information required for each level in a multi-LoD. 
Mediavilla et al., (2023) developed a methodology based 
on graph techniques for using multiscale BIM for energy 
analysis. Jung et al., (2023) proposed that LoD350 was 
suitable for modelling the energy performance of actual 
buildings. Xu et al., (2023) proposed a new LoD2 
(LoD2ES) for energy simulation. For Seismic Loss 
Assessment, Xu et al., (2019) evaluated earthquake 
damage using BIM with different LoDs. For Damage 
Inspection, Pantoja-Rosero et al., (2023) constructed 
LoD3 BIM models for building damage assessment. For 
Architectural Elements Classification, Koo et al., (2021) 
classified IfcDoor and IfcWall using Multi-view CNN 
and PointNet. Abualdenien and Borrmann, (2022) 
proposed a framework for analyzing and checking the 
LoG of BIM.  
In City/Building Management, energy issues are hot 
research themes. Scholars try to use different LoD models, 
combine different frameworks, and use different methods 
to predict the energy demand, consumption, and solar 
power generation potential. Scholars have already 
obtained valuable research results. However, many issues 
still need to be fully resolved due to the excessive number 

of factors and the complexity of the problem. There will 
remain a topic worthy of in-depth research. 

Implication 

Current researches 

MSDM is for a better solution to practical problems. By 
this paper, it is clear that MSDM can serve all stages of 
the whole life cycle of a building, solving problems in all 
aspects of urban construction and maintenance, which 
contribute to the sustainable development of cities. 
However, there are still the following limitations in the 
current researches. 
Much of the current literature on the application of 
MSDM to city management focuses on problems related 
to building groups. Although the problems addressed are 
relevant to individuals and societies, the boundaries of 
research should be further expanded. Scholars need to 
consider infrastructure and management issues further. 
MSDM is a substantial database for solving all kinds of 
problems in the city and society. 

Future directions 

MSDM has to serve practical problems. The above 
limitation is a direction that deserve research in the future, 
but the current most worthwhile research is to use MSDM 
to solve urban energy-related problems.  
Excessive use of non-renewable energy sources (such as 
fossil fuels) may cause environmental and social 
problems. Widespread use of renewable energy in cities 
will contribute to sustainable urban development. 
Scholars have estimated the energy demand, energy 
consumption, and solar power generation potential of 
cities/buildings through various means of simulation. It 
contributes to energy management in cities and the 
development of urban distributed generation. However, 
there needs to be research on unifying these results in a 
single system or considering the optimal arrangement of 
solar power generation systems, energy storage systems, 
and the connection to buildings because most of the 
distributed energy generation in cities tends to be self-
generated and self-consumed. Urban planners need to 
consider how to manage the excess renewable energy to 
respond flexibly to different situations. The potential for 
urban distributed energy generation should be combined 
with regional energy demand consumption to achieve a 
rational distribution of renewable energy sources. Fig. 4 
shows the framework for future research on energy issues. 
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Figure 4: Research framework for future city energy management 

Firstly, using LiDAR/Photogrammetry/Images to 
reconstruct the MSDM of the actual city. Secondly, using 
Geometric Simplification/Detailing/Parameterization to 
amend the MSDM. Then, based on the MSDM, calculate 
parameters such as the city's Energy 
Demand/Consumption and Solar Power Potential. Based 
on these results, developing algorithms to rationally plan 
the distributed energy generation system, energy storage 
system and the specific allocation of energy use in the 
region. Finally, the obtained information is fed back to the 
MSDM to update the MSDM to achieve sustainable urban 
energy management. 
For researchers, LoD definitions for different scenarios 
and the level of detail provided can help designers identify 
potential problems early in the project, reduce errors and 
design modifications, and thus improve the design quality. 
It will help designers better understand and plan their 
projects, which will help optimise the use of materials and 
construction techniques and further reduce costs. 
The conversion of models at different levels of detail can 
effectively facilitate collaboration between project 
participants by providing a shared, multi-scale project 
model. Different teams can work on the same model and 
view and update information in real time, significantly 
improving project collaboration's efficiency and 
effectiveness. 

Conclusions 

This paper presents a comparative analysis of the current 
advances in MSDM research from both city/building 
perspectives. Compared to previous literature reviews, 
this review focuses on the different scales of digital 
models, especially their geometric aspects. This paper 
identifies the research themes of MSDM for 
cities/buildings, analyses the findings of the existing 
literature by theme, and points out the hot research themes 

in “City/Engineering Management” and the limitations of 
each research theme. Regional energy management will 
be one of the hot research directions, based on MSDM, to 
unify distributed energy generation system - energy 
storage system - building/infrastructure in one system will 
achieve the optimal distribution of energy, give full play 
to the potential of renewable energy, and promote the 
sustainable development of the city and the society. 
Furthermore, this paper finds that scholars in Africa and 
South America are not concerned with MSDM research, 
much less using MSDM for energy management. The 
equatorial region is extremely rich in solar energy 
resources. From a global energy perspective, it is 
necessary to apply the research results of MSDM in 
equatorial countries to enhance global energy 
sustainability further. 
However, this paper still has some limitations. Only a 
representative portion of the literature selected for this 
paper and other valuable literature may have yet to be 
analysed. Meanwhile, the search terms may need to be 
more comprehensive, and some may need to be complete. 
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Abstract
Transferring existing buildings with their isolated and het-
erogeneous systems into the digital world is challenging.
Consequently, this paper presents a novel User Assistant
System for Smart Commercial Buildings. The demon-
strated proof-of-concept on an existing building seam-
lessly integrates data from various building technologies
and validates selected use cases. A wireless IoT sensor
network enables the system’s services by collecting indoor
climate data and tracking assets. Integrated Digital Twins
for thermal predictions and modelling of photovoltaic sys-
tems (PVS) facilitate dynamic energy optimisation. The
results show how to reduce subsystems’ operation hours
and PVS payback time by providing intelligent, adaptable
services.

Introduction
The construction and operation of buildings contribute to
around 40% (United Nations Environment Programme,
2022) of worldwide greenhouse gas emissions. Commer-
cial real estate and especially office buildings significantly
contribute to the carbon emissions in the building sector.
An emerging concept to improve the efficiency of a smart
commercial building through real-timemonitoring and op-
timisation is the digital twin (Eneyew et al., 2022). This
development is possible because of the rise of the Internet
of Things (IoT)(Čolaković and Hadžialić, 2018) and ad-
vances in building information modelling (BIM) (Azhar,
2011). The Internet of Things and readily available semi-
conductor chips allow us to equip a building with sensors
observing indoor climate and collecting real-time mea-
surements (Khajavi et al., 2019). Whereas BIM contains
a full 3D model of the building structure and a wealth
of descriptive and operable metadata (Tang et al., 2019).
The integration of both technologies into one framework
and integrating simulation tools forms a digital twin where
real-time and static data are processed to monitor the cur-
rent state, predict the future state, and take proactive mea-
sures to ensure optimal operation of a building (Eneyew
et al., 2022). The primary challenge lies in the seamless in-
tegration of all components into a unified system that adds
value to an existing building.
This project aims to provide the services needed to track
sustainability performance and optimise the technical sys-
tems based on a digital twin during the operational phase.

Three use cases were worked on in which different re-
search questions were answered.
1. Use case 1 addresses the open issue of the integra-

tion of physics-based simulation into digital twins. A
novel way for a simplified model is proposed.

2. Use case 2 introduces devices which collect real-time
data for the digital twin and utilise a new data transfer
protocol.

3. Use case 3 aims to optimise profits by combining so-
lar energy production and electrical storage.

The overall project goal is not only to reduce environmen-
tal emissions but also running costs. Consequently, dig-
ital twin technology helps to map the utilisation of the
space and adapt the facility management services to in-
crease work productivity. The entire building ecosystem
is addressed, leading to an increase in comfort for the em-
ployees and tenants. As validated by McGraw Hill Con-
struction (2010), 79% of building owners expect green
buildings to attract more tenants.
This paper is organised in the following manner. The first
section introduces the wireframe of the user assistance sys-
tem and discusses the requirements for interaction with the
different stakeholders of a building. The second section
presents the three above-mentioned use cases. This is fol-
lowed by a general conclusion.

User Assistance System
Wireframe
The user assistance system, shown in Figure 1, is con-
nected to the existing building infrastructure systems, e.g.
the HVAC (Heating, Ventilation, Air Conditioning). It
consists of a dedicated Graphical User Interface (GUI), a
control system comparable to industrial control systems
on a PLC and SCADA level (Programmable Logic Con-
troller, Supervisory Control And Data Acquisition (Hein-
rich et al., 2017)), and a connection to simulation tools,
such as Simulink to compile sophisticated simulations.
Besides the data and information of the existing subsys-
tems, other sources are connected to the control system,
e.g., the weather forecast (global radiation).
For the pilot building and demonstrator ”eliona” (Leicom
AG, 2023) has been chosen as the GUI. Via this GUI the
customers can access the running control loops as appli-
cations. Therefore, the interaction with building subsys-
tems and additional running applications takes place at
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Figure 1: Wireframe of the User Assistance System For Smart Commercial Buildings. Grey: Data newly brought to the building and
applications running on the PLC. Simulations are done with COMSOL for thermal energy optimisation and with Matlab/Simulink for

the IoT Network as described in the respective subsections.

one centralised point to ease the building operation and in-
crease efficiency. The BACnet protocol (Merz et al., 2009)
has been used to enable bidirectional communication be-
tween “eliona” and the building subsystems. Furthermore,
it would be possible to connect ”eliona” to an Enterprise
Resource Planning (ERP) system in case multiple smart
commercial buildings are managed accordingly.

Customer Interaction
A building faces a variety of stakeholders; e.g. energy-
related stakeholders are the owner, designer, contractor,
supplier, occupant, energy manager, and government (Zou
et al., 2018). Therefore, the interaction with them must be
established in an ideal manner. This project uses a build-
ing for study and work as a development and test environ-
ment. Therefore, the main stakeholders are the occupants
(students and employees of the University of Applied Sci-
ences), the tenant (University of Applied Sciences), the
building owner, and the facility management (covering e.g.
energy management). Their interests and interactions dif-
fer, and the related user assistance system must serve all
stakeholders. Some requirements are listed below

• The building must provide occupantswith a pleasant
indoor climate in all seasons and support their ability
to work. In this case, this mainly concerns the staff’s
learning, teaching, and working. Interactions, such as
event orientation aids, must be simple and intuitive.
This applies to both entering and receiving informa-
tion.

• The building owner wants a property that maintains
or increases its value, and its functions must be attrac-
tive to tenants. Accordingly, there must be no prob-
lems or complaints from occupants.

• The tenant needs a building that meets the needs of
its customers and staff. In addition, rent and operat-
ing costs, e.g., for energy, must be economically jus-
tifiable. Additional functions, such as access control
and communication networks, must be available and
maintainable.

• Facility managementwants to maintain the building
efficiently and effectively, respond to changes in oc-
cupants’ needs, and have centralised system access
when interacting with the building (heating, ventila-
tion, air conditioning, HVAC) and not have to access
many user interfaces.

Furthermore, all stakeholders have in common that the
smart commercial building shall be adaptable to their fu-
ture requirements. Therefore, new applications that create
benefits in the efficiency and effectiveness of the building
have to be enabled in a cost-efficient and time-saving way.

Use Cases and Dedicated Applications
The following subsections summarise various aspects of
the digital twin that have been addressed in this project.
Following a user-centric approach, the use cases have been
identified first and specific features have been developed in
consequence.

Use case 1: Thermal Simulations for a Reduction of
Energy Consumption
The building user and the operation manager both play
important roles in the energy optimisation of a building.
(Buildings Performance Institute Europe (BPIE), 2016).
In the use case of thermal optimisation, we investigate
which new methods and tools are beneficial for them.
Many decisions in optimising and running the energy sys-
tem can be supported by a physics-based dynamicalmodel.
The input data for the calculation as well as the simulation
result are by definition a part of the digital twin frame-
work. Simulations predict the effectiveness of energy-
saving measures while guaranteeing indoor comfort and
are a good basis for facility management to make decisions
and optimise HVAC systems.

Simulation Tools
Today’s software tools for simulating buildings cover a
wide range of complexity from compact zero-dimensional
models to complex physics-based 3-dimensional ones. As
an integrated part of model predictive control systems,
compact models may be integrated into the energy man-
agement systems (EMS). More sophisticated models are
typically only applied in the planning phase because those
simulation tools are often too elaborate for usage in facil-
ity management. Comprehensive modelling of heat stor-
age by the building structure and heat loss through walls
and thermal bridges would however make it possible to
minimise the building’s energy consumption and reduce
construction costs. Given the construction and operating
costs, the investment in careful planning would be worth-
while.
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Figure 2: Results of the Finite Element Simulation of the concrete structure. The temperature profile ranges from yellow (23°C room
temperature) to dark blue (ambient temperature ϑa(t0) = 4°C). The Figure additionally shows a schematic visualisation of the lumped
element model for the air domain with a temperature at an upper, middle and lower node (ϑu,m,l) and an energy flux between the nodes

and the energy fluxes coupling the system to the environment.

Integrating Simulations into the Digital Twin
This work proposes to integrate comprehensive physics-
based simulation to support the operation of buildings.
Continuous synchronisation with sensor data ensures that
the simulation is close to reality. Simulation results need
to be translated into a buildingmanagement cockpit to gen-
erate added value for facility management.
To integrate physics-based simulation in the digital twin,
two challenges have to be addressed: First, translating the
a priori information from building plans into the physical
model cannot be done automatically yet. The process in-
cludes tasks like identifying walls from complex geome-
tries and estimating heat loss parameters. Secondly, the
relevant information for facility management has to be au-
tomatically post-processed from the simulation output.
Building information modelling (BIM) has greatly ad-
vanced in the last few years (Tang et al., 2019). The digital
representation of a building is now ready to contain a vari-
ety of parameters and a full 3D model. Together with the
immense increase in computational power since the design
of our state-of-the-art tools, this creates great potential for
new simulation approaches.
This work proposes a finite-element discretisation for the
building structure. It uses a simulation domain closer to
the BIM representation and relies on physical material pa-
rameters. The approach has the potential to reduce the ef-
fort for the translation from BIM to the simulation model.

It aims to provide detailed information about thermal-
electric interactions in buildings considering thermal ca-
pacity.

Model Description

We envision in the long-term a full 3D simulation of the
concrete structure, where theU-values and thermal bridges
result directly from material parameters and the building
geometry. In our current version, we apply 2D numerical
simulation of the concrete structure to save computational
resources. This will prove the concept of getting more in-
sights into the interactions between building fabric and en-
ergy flows in buildings.
In addition to the heat flow in the solid structures, radia-
tion between the walls is accounted for, resulting in realis-
tic surface temperatures. Airflow in the rooms is approx-
imated by a lumped element model with three dynamical
nodes per room. This is in contrast to full 3D fluid dy-
namics simulations, which have both the drawback of ex-
tremely high usage of computational power and a require-
ment for more knowledge of the occupancy and the user
behaviour.
The dynamic model also contains the control algorithm for
the HVAC system and predicts the net primary energy con-
sumption for heating and cooling of the building for any
time period. Variants of energy-saving measures can be
compared and evaluated yearly with the use of a stochas-
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tic model for the outside weather conditions and user be-
haviour. Witzig et al. (2023) present the detailed model
description.

FEM Simulation Setup and Results
With COMSOLMultiphysics we simulate the ground floor
of the three-storey building shown in Figure 2 on a rela-
tively coarse mesh. The floor is 2.4 m high and 5 m wide
with windows on each side and has a partition wall sepa-
rating it into two rooms. Sunshine is only assumed in the
right room (heading south). Periodic boundary conditions
are imposed at the top and at the bottom of the simulation
domain for simplicity.
Simulations first solve for a stationary solution, which is
the initial condition for the transient study. Solar radia-
tion, outside temperature and thermal loads from people
and electronic equipment are inputs to the model.
The coloured area in Figure 2 shows the temperature pro-
file ranging from yellow (23°C room temperature) to dark
blue (ambient temperature ϑa(t0) = 4°C). The HVAC sys-
tem has turned off and no automatic sunlight shading is
assumed.

Discussion
It is important to see that thermal loss through the building
shell is calculated accurately with the full dynamics of the
building structure, including the thermal storage capabil-
ity of the building structure. Solar irradiance on the south
façade does contribute to the heat balance of the building
(although it is minimal in the presented example because
the outer layer of the wall is insulating). It is not necessary
to introduce U-values as parameters and thermal bridges
are naturally solved with adequate precision. The usage
of thermal simulation in the energy management system
requires an adequate time-dynamic representation which
also includes the HVAC system in the model with its con-
troller. The simulation model interacts with the PLC/S-
CADA and on the one hand, relevant output is displayed
in the GUI, on the other hand, automatic action is taken in
controlling HVAC and shades (see Figure 1).

Use case 2: Low-power IoT Wireless Network for Sen-
sors and Asset Tracking
Existing commercial buildings typically have a central
HVAC system with few sparse sensors to control the room
climate. However, this is often inadequate to provide a
comfortable environment for the building users while si-
multaneously minimising energy consumption.
As an example, the building chosen for our demonstrator
employs distinct subsystems to independently regulate its
indoor climate. Notably, the sensors only measure the ac-
tual temperature in the basement’s technical room through
the exhaust air, but the individual room temperatures are
currently unknown. Our experiment shows the retrofitting
of such a building through modern IoT devices. The inte-
gration of multiple wireless sensors enables more detailed
and individualised monitoring of environmental data, in-
cluding air quality and solar radiation.

Thread Mesh Network
To establish a robust, low-power network for the wireless
sensors, we used the standardised Low-Power Network
IPv6 Protocol Thread (Thread Group, 2023). Thread uses
the 802.15.4 radio to create a low-power mesh network,
with the network’s resilience increasing as more devices
join. Figure 3 shows a typical thread mesh network struc-
ture.

Thread Network

MED

MED

MED

MED FTD

FTD

FTD

FTD BR Internet

Figure 3: Overview of a Thread Network with Full Thread
Devices (FTD), Minimal End Devices (MED) and Border

Router (BR)

Full Thread devices (FTD) are miniaturised, permanently
powered devices acting as routers. They form a resilient
mesh network and provide the communication infrastruc-
ture for the battery-operatedMinimal EndDevices (MED).
Typically, FTDs are integrated into objects where power
is readily available, e.g. lamps and power outlets. Border
Routers (BR) provide the interface of the wireless Thread
network to the Internet.
The MEDs are movable low-power devices that connect to
the best available FTD. The FTD then forwards the packets
to the BR. Typical applications for MEDs are sensors for
environmental parameters but also asset tracking tags.

Hardware
For Proof of Concept, nRF52840 dongles (Nordic Semi-
conductor, 2023) from Nordic Semiconductor with USB
power adapters were used as routers (FTDs), and several
Raspberry Pis with nRF52840 dongles acted as thread bor-
der routers. We developed a sensor node (MED) with
nRF52840 SoC as the minimal end device, consisting of
the BME680, OPT3001, and LSM6DSL sensors. These
sensors are used to measure temperature, humidity, air
pressure, volatile organic compounds, and other environ-
mental data. A CO2 sensor is added as an optional exten-
sion. Figure 4 shows the Sensor Node and the nRF52840
dongle. Zephyr RTOS (Zephyr Project, 2023), with the
open-source implementation of OpenThread, was used for
firmware implementation. The sensor node can be oper-
ated with a CR2032 button cell battery, external battery, or
micro USB. With a CR2032 battery, the battery life is ap-
proximately 600 days for a measuring interval of ten min-
utes.

Collecting Environmental Data
The sensor nodes collect environmental data at ten-minute
intervals. This data is sent to a server via the Thread net-
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Figure 4: nRF52840 Dongle with USB power adapter (FTD)
and a battery-powered Sensor Node (MED)

work, where the collected data is analysed and visualised,
providing valuable insight into the usage of the rooms.
In Figure 5, the increased CO2 concentration in the data
indicates lunch breaks in a break room. In Figure 6, the
occupancy of a classroom can be identified based on sev-
eral environmental parameters. The temperature increases
due to people and the use of electronic devices such as lap-
tops. The illumination increases due to the use of light, and
the CO2 value increases the longer people are in the room.
Further analysis allows us to identify unused or little-used
rooms. As a result, the heating of these rooms could be re-
duced to save energy. In contrast, the HVAC system could
increase ventilation in heavily used rooms to enhance peo-
ple’s well-being.

Figure 5: CO2 concentration in the break room for one week,
shaded areas indicate lunch breaks.
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Figure 6: Environmental data of a classroom for four days,
creating insight into occupancy.

Figure 7: Screenshot of the visualisation on the GUI showing
the location of two MEDs.

Asset Tracking using RSSI of Thread Devices
Besides collecting sensor data, we use the dense Network
of Thread routers to track movable assets through an at-
tached Thread device. Our experiment shows that this al-
lows assets to be tracked with room accuracy. The routers
have a fixed, known position and act as anchor nodes. By
collecting received signal strength indicator (RSSI) data
from neighbouring devices in the network, the distance in
meters to other devices can be estimated using the log dis-
tance path loss model.
If the RSSI is high, we assume that the movable Thread de-
vice is located in the same room. If the distance is greater,
trilateration is used to calculate the coordinates and, there-
fore, the position in the building. Figure 7 shows an exam-
ple of the visualisation on the GUI. As a proof of concept,
the asset tracking was tested in the demonstrator building
on one floor with at least 2 routers installed per room. With
600 attempted localisations, the algorithm was able to cor-
rectly determine the room in 75% of the localisations. In
16% of cases, the adjacent room was identified.

Application: Controlling the HVAC system
The Proof of Concept has shown that environmental data
such as temperature and humidity can be monitored indi-
vidually in different rooms using a low-power thread net-
work with wireless sensors. The analysis of the collected
data allows conclusions about the effective room occu-
pancy and thus theHVAC system can be controlled accord-
ingly to increase the people’s well-being or save energy.

Use case 3: Digital Twin ForOptimising A Photovoltaic
System
The aim is to select the best photovoltaic system (Wag-
ner, 2019) and to optimise its payback period on the re-
lated commercial building by applying the digital twin
(DT) concept (Crespi et al., 2023) and considering the
steadily increasing electro-mobility (Gomes and Imark,
2023). The question to be answered is if a buffer battery,
of a specific capacity, can lower the payback period, and to
what extent the system’s autarchy is increasing. To answer
this question a Simulation is performed based on historical
data for the building’s power consumption, measurement
of the car park occupation, the actual and forecasted solar
irradiance (global radiation), and the different capacities
of buffer batteries. With those data sets, we run the sim-
ulation as a live digital twin with different parameters to
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determine the layout of the optimum photovoltaic system.
The following sections describe the elements of the simu-
lation in detail.

Historical Data – Electrical Power Consumption
The energy consumption of the teaching and working
building fluctuates strongly between different day char-
acteristics. Configurations have been built to investigate
it, consisting of different attributes and attribute values.
The attributes are weekdays, lectures, exams, holidays, and
seasons.
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Figure 8: Energy consumption on a weekend with running
lectures, no exams and no holidays in spring.
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Figure 9: Energy consumption on a working day with running
lectures, no exams and no holiday in autumn.

Two significantly different energy consumption patterns
are visible in Figure 8 and Figure 9, showing the values
over the day as median, first and third quartile and mini-
mum and maximum (no reduction of outliers). Figure 8
shows the consumption during all weekends in the spring
of 1 March – 31 May 2021 (median: 108 kWh), while
Figure 9 shows the working days during the autumn of 1
September – 30 November 2021 (median: 389 kWh). It
is proven that a smart commercial building’s energy con-
sumption fluctuates significantly, and a forecast can be
made via historical data and related characterised days.
The method via characteristic days outperformed the ap-
proach via the least-square (LS) method (Swain et al.,
1988). The relative error of LS is around 30% to 50%,
while the characteristic days are around 25% to 35%.

Actual Data – Car Park Occupation

The future electro-mobility is anticipated and, therefore,
part of the model. The data source is the actual occupation
of the car parks monitored by related car park sensors. The
assumption is that 4 out of 15 car parks are equipped with
vehicle-to-home (Han and Acquah, 2021) capable (V2H)
11 kW charging stations and the related cars placed on the
car parks require to be charged and contain 80 kWh bat-
teries (Gomes and Imark, 2023). The system is allowed to
charge the battery up to a maximum of 80% and to dis-
charge it to a minimum of 10%. The cars arrive with a
50% charged battery and the system knows when the car
is leaving.

Forecast – Solar Irradiance (Global Radiation)

As the photovoltaic (PV) system produces electrical power
depending on the solar irradiance (global radiation) and
the relative position of the sun to the PV panels, two dif-
ferent forecasts have been analysed. The comparison has
been established by comparing the solar irradiance mea-
sured by the pyranometer (Apogee SP-212-SS) on the ref-
erence building’s roof with openly available data (Global
radiation measurement, 10 min mean - opendata.swiss)
for the related measuring station in 500 meters distance
(Homepage - MeteoSwiss). The time resolution for the
comparison is 1 hour.

One forecast is based on the assumption that “tomorrow
is as today”. The standard deviation of the difference be-
tween hourly mean measurement and forecast is 12W/m2

over the whole day (24 hours) and for all seasons (sample
sizes of 3 weeks within the middle of each season). The
related average of the error is close to zero.

The second forecast is based on the COSMOmodel ofMe-
teoSwiss interpolated to the building position. As the fore-
cast is systematically lower than the actual solar irradiance,
a correction factor for each season has been determined,
bringing the average error to zero. With this correction,
the standard deviation of the difference between measure-
ment and forecast is 15W/m2. The daily mean global ra-
diation at the building’s location reaches up to 369W/m2

in 2023.

The accuracy of the solar irradiance forecast is lower than
the simple assumption that tomorrow is the same as to-
day. In 2024, the ICONmodel will substitute the COSMO
model, delivering better accuracy, as MeteoSwiss informs.

Additional Infrastructure – Buffer Battery

For the simulation, different capacities of the buffer bat-
tery have been considered: 6, 9, 12, and 15 kWh. The
local electrical power supplier recommends a capacity of
6 kWh. 9 kWh covers 50% (median) of the consump-
tion over the photovoltaic system’s supply, 15.1 kWh 75%
(third quartile), and 15.6 kWh 84% (average plus standard
deviation).
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Digital Twin Framework
The digital twin framework takes all the mentioned ele-
ments into its model, running on the industrial control sys-
tem interfaced with the user assistance system. The mar-
ket prices in Tables 1 and 2 have been taken as a reference
to shorten the payback period (Polysun; EKZ | Privatkun-
den).

Table 1: Investment cost in CHF

PV System incl. VAT 133,000 133,000

Battery 15 kWh incl.
VAT

+12,000 0

State subvention -14% -14%

Tax savings -15% -15%

Total 106,700 97,300

Table 2: Electricity prices

Self consumed electric-
ity incl. maintenance
(CHF 0.04/kWh)

0.232CHF/kWh

Selling during high-rate
tariff time

0.084CHF/kWh

Selling during low-rate
tariff time

0.074CHF/kWh

Analysis of the payback period and autarchy
The simulation results are summarised in Table 3. A sys-
tem can achieve the shortest payback period of 10.3 years
without a buffer battery but with active management of
charging electric vehicles based on the solar irradiance
forecast. The period might be shortened when the ICON
model substitutes the COSMO model, depending on the
costs of the data.
A buffer battery of 15 kWh capacity would increase the
building’s autarchy by 3% points and lift the payback pe-
riod by 4.5 months. The autarchy would rise further with
higher buffer battery capacities.
If no forecast of the solar irradiance is considered, the pay-
back period is 7 months longer compared to the optimum.
The degree of autarchy is reduced by 2.5% points.
A smart commercial building benefits from a digital twin
framework to optimise a photovoltaic system. The related
modelling, simulation, and communication can run on the
central user assistant system.
The photovoltaic system’s payback period of 10.9 years is
shortened by around half a year to 10.3 years. In the case
of the selected reference building, the investment costs
are CHF 97,300 (without battery), and the payback period
ends CHF 5,300 earlier. The conclusion is that only for
large photovoltaic systems active management by apply-
ing a live digital twin framework makes economic sense.

Table 3: Simulation results for the payback period and autarchy,
depending on battery capacity and active management of

charging electric vehicles based on the solar radiation forecast

Battery Forecast Payback
period

Autarchy

- yes 10.3 yr 38%

15 kWh yes 10.7 yr 41%

- no 10.9 yr 35.6%

Nevertheless, the described digital twin enabled a photo-
voltaic system optimisation based on real-life data.

Conclusions
In summary, this work demonstrates how multiple use
cases collectively advance the domain of smart building
technologies by the fact that they are integrated into a
holistic digital twin. The thermal simulation is instrumen-
tal in achieving energy efficiency by dynamically adjust-
ing building operations, leading to significant savings and
enhanced occupant comfort. The IoT wireless network in-
troduces a paradigm shift in environmental monitoring and
asset management, enabling precise control over space us-
age and energy conservation. In addition, the same adap-
tive and robust IoT network can be used for asset track-
ing, which - embedded in a corresponding business model
- makes everyday office life more efficient. Furthermore,
it has shown that it is beneficial to integrate the PV systems
into the digital twin, thus balancing out energy production
and consumption and thereby accelerating the return on in-
vestment and promoting environmental sustainability. It
is evident that the three use cases are interwoven and sup-
port each other: Thermal comfort is optimised based on
sensor data with room precision, anticipating office activ-
ity and using electricity from the local PV system. Over-
all, operating costs can be reduced while at the same time
reducing the impact on the environment. These applica-
tions not only showcase the potential of smart technology
in transforming building management but also underline
the importance of such innovations in the broader context
of sustainable development and energy conservation.
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Abstract 

Post-occupancy evaluation (POE) is crucial for assessing 
building performance, but traditional approaches falter 
under data volume and lack personalization. Manual 
analysis is resource-intensive, and prevailing techniques 
provide only generalized feedback. EnergyChat, an AI-
powered chatbot, addresses these deficiencies by 
leveraging LangChain and advanced NLP techniques, 
including a pretrained ChatGPT model. Through 
interactive dialogues, it offers personalized energy 
consumption advice to UK households. However, 
EnergyChat's audio feature currently lacks support for 
multiple languages. Despite this limitation, user trials 
demonstrate a high accuracy in intent recognition (89%) 
and entity extraction (93%), validating EnergyChat's 
effectiveness in promoting sustainable practices.  

Introduction 

In the Architecture, Engineering, and Construction (AEC) 
sector, post-occupancy evaluation (POE) underlines its 
significance in understanding and improving the 
performance and sustainability of built environments 
(Kim et al., 2013; Colclough et al., 2022). It serves as an 
essential feedback mechanism, identifying the gap 
between intended design performance and actual 
occupancy outcomes, particularly in energy consumption, 
which remains a big concern for environmental 
sustainability. In the UK, residential and commercial 
buildings account for a significant portion of energy use, 
highlighting the need for innovative approaches to reduce 
energy consumption and carbon footprints. 

Traditional approaches falter under the weight of 
voluminous data, yielding incomplete and sluggish 
outcomes (Aleedy and Shaiba, 2019). Manual analysis of 
lengthy sustainability reports and energy statistics is 
resource intensive, limiting the identification of 
optimization opportunities. Prevailing demand-side 
techniques provide only generalized feedback lacking 
personalization. Smart meter analytics have limited 
contextual understanding. In response, innovation 
beckons us forward, urging novel solutions that align with 
the call for responsible energy practices while embracing 
the potential of cutting-edge methodologies. 

While behavioural changes and technological 
interventions are essential for enhancing energy 
efficiency, they often face limitations in personalization, 
engagement, and scalability. Conversational AI and 
chatbots address these issues by providing tailored 
recommendations that adapt to individual user profiles, 
simplifying complex energy data into actionable insights, 

and engaging users in a conversational manner to motivate 
sustained behaviour change. 

The innovation is not limited to personalization. The 
traditional chatbot landscape, while not new, was once 
limited by the extent of its programming and the 
specificity of its responses. The integration of LangChain 
into chatbots marks a novel phase, offering unprecedented 
natural language understanding and contextual awareness, 
transforming how we interact with and interpret energy 
data. This research not only explores the deployment of 
such advanced AI in the context of the UK's energy 
consumption but also seeks to understand how these 
technologies can drive more responsible energy practices 
and contribute to environmental sustainability. 

Literature review 
The growing adoption of chatbots and natural language 
processing techniques presents new opportunities to 
address rising energy consumption and the need for 
sustainability. Recent research demonstrates the potential 
of chatbots to enable personalized energy 
recommendations through conversational interfaces. 

Luccioni et al. (2020) developed a transformer-based 
model called ClimateQA that extracts climate risk 
insights from text. Joshi et al. (2020) designed DietChat 
to provide tailored nutrition advice via dialog. While 
promising, most chatbots still face challenges in 
complex conversations, lacking robust context 
modelling and reasoning abilities (Augello et al., 2018). 

Advances in AI offer pathways to more capable 
conversational agents. Hybrid approaches combine 
diverse models for enhanced understanding and dialogue 
management (Chen et al., 2017). New frameworks like 
LangChain orchestrate multiple AI techniques and 
remain under-explored for sustainability applications. 
Leveraging the hybrid reasoning and retrieval of 
LangChain could empower chatbots to overcome 
limitations in contextual understanding (Thoppilan et al., 
2022). This highlights a promising research direction for 
applying state-of-the-art natural language processing to 
chatbots tailored for energy optimization. 

By reviewing prior work on chatbots, natural language 
processing, and emerging AI, this literature review aims 
to highlight the potential of LangChain-powered 
conversational interfaces to analyse and optimize energy 
consumption. The goal is to lay the groundwork for 
developing an intelligent chatbot leveraging LangChain 
to provide personalized recommendations and optimize 
energy usage through natural language interactions. 
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Methodology 
This work utilizes a hybrid architecture combining neural 
conversational models, knowledge retrieval, and cloud 
deployment for the energy optimization chatbot. The key 
technologies leveraged include: 

• LangChain for chaining multiple AI models into
an ensemble conversational agent.

• ChatGPT-3.5-Turbo as the underlying neural
language model for natural dialog.

• Pinecone for fast vector indexing and passage
retrieval.

• Streamlit for deploying the chatbot interface.

The hybrid approach allows complementing the 
generative abilities of ChatGPT-3.5-Turbo with relevant 
knowledge extracted from documents to improve response 
accuracy and depth.  

Table 1: Data sources 

Data Type Quantity Metadata 

Structured data 500GB UK energy 
usage 
statistics 
from 2015- 
2021 

Unstructured 
Articles 

10,000 Text from 
energy 
industry 
reports and 
news 

Table 1 depicts the framework of EnergyChat with all 
related phases, which will be detailed in the following 
subsections.  

Data Engineering 
Efficient data engineering processes are crucial for 
developing a robust and knowledgeable chatbot. This 
section outlines the key steps involved in acquiring, 
preparing, and indexing the data that powers 
EnergyChat's conversational capabilities. 

Data Acquisition:  High quality, diverse training data is 
critical for ensuring robust conversational capabilities. 
Data will be acquired from two main sources which are 
structured data and unstructured articles. 

Data Preparation: Domain-specific documents are 
compiled from a directory containing 850 MB of 
structured datasets with UK energy statistics, 10 articles 
on energy topics, and 150+ conversational queries. The 
Python Directory Loader ingests these documents. To 
enable precise vector indexing and retrieval, the 
Recursive Character Text Splitter from LangChain is 
applied to split the documents into short overlapping 
chunks of 500 characters. 

Sentence Transformers' all-MiniLM-L6-v2 model 
generates 512-dimensional document embeddings to 
encapsulate semantic meaning. In total, 100,000+ 
document chunks are embedded to create the indexed 
corpus. 

Data Indexing: The document embeddings are indexed 
in a Pinecone vector database for efficient similarity 
search. Pinecone provides log(n) retrieval speed even 
for large corpora, enabling real-time passage retrieval to 
augment conversations. 
The index is deployed on Google Cloud with Pinecone's 
free tier. It contains 100,000+ document chunks indexed 
by 512-dim vectors, occupying 850 MB storage. 
Configured for 50 queries/sec throughput. 

Model Development 
The ChatGPT-3.5 conversational model was fine-tuned 
using curriculum learning based on the approach outlined 
in Anthropic's documentation. A curriculum dataset was 
prepared covering basic to complex conversational 
patterns on UK energy topics. Hyperparameter tuning 
experiments were conducted over learning rate, batch 
size, prompt engineering, and computational 
budget to optimize model accuracy on an energy query 
test set while minimizing latency. 

Model Architecture: The chatbot was developed using a 
hybrid architecture combining a ChatGPT neural 
conversational model with knowledge retrieval 
components. Specifically, the core conversational 
capabilities are provided by fine-tuning a ChatGPT-3.5 
model from Anthropic on an energy-focused dataset. 
ChatGPT-3.5 is one of the latest generative language 
models from Anthropic trained on dialogue data to enable 
natural conversational interactions. 

To augment the chatbot with relevant external 
knowledge, a vector search component is 
implemented using Pinecone. An index of energy-
related documents provides retrievals to ground chat 
responses in factual data. 

Figure 1: Energy Chat architecture 

Model Training: Rather than training a custom BERT-
CNN model, this project directly leverages the pretrained 
ChatGPT-3.5 model created by Anthropic. 
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ChatGPT-3.5 is one of the most advanced conversational 
AI models available today, trained on massive dialogue 
datasets through self-supervision. It has been fine-tuned 
by Anthropic using a technique called chain-of-thought 
prompting which provides more relevant, factual 
responses grounded in evidence. 

To adapt ChatGPT-3.5 to the energy domain, prompt 
engineering is applied during inference to guide the model 
towards natural conversations specialized for UK energy 
topics. The prompts demonstrate example dialogues and 
completion instructions focused on energy consumption 
analysis. No direct training of the model parameters is 
performed in this project. Instead, the capabilities of 
Anthropic's pretrained ChatGPT-3.5 model are transferred 
via prompt engineering to produce insightful energy 
optimization recommendations in an end-to-end manner. 

Model Optimization: Several optimization strategies are 
implemented: 
Knowledge distillation: this is used to compress the 
model by training a smaller student model to mimic the 
larger teacher model. This reduces latency and 
memory requirements during inference. 
Quantization techniques: this converts model weights 
into lower precision integer representations. These further 
decreases model size and speed up computation. 
Chunking splits lengthy contexts into smaller segments of 
250 tokens. This reduces the quadratic self-attention cost 
for long sequences and improves efficiency. 
Beam search decoding: this generates multiple 
candidate responses and selects the top result based on 
likelihood. This improves response quality. 
Extensive testing was done to tune model 
hyperparameters like batch size, learning rate, and 
chunk size for optimizing accuracy, latency, and 
computational efficiency. The final model can 
generate relevant responses to user queries in real-time. 

Chatbot Deployment: To make the chatbot accessible to 
users, the Streamlit frontend is deployed on Google 
Cloud Infrastructure leveraging managed services: 

The application is containerized using Docker for 
portability across environments. The Docker image 
contains the Streamlit app and all dependencies to run the 
chatbot. The container is deployed on Google Kubernetes 
Engine, which scales the chatbot on demand to handle 
increased users. Load balancing distributes traffic across 
replicated instances. 

Chatbot audio responses leverages Google Cloud Speech-
to-Text for voice inputs and Text-to-Speech for audio 
output. 

Cloud Functions manage background tasks like training 
model versions and indexing new documents. Cloud 
Storage hosts the Pinecone index and conversation logs. 
Persistent SSDs ensure fast vector retrieval. 

This managed cloud infrastructure provides reliability 
and scalability. Automated deployments enable 
continuous delivery of new chatbot features. The 
integration of Cloud 

Speech APIs powers voice capabilities. Together, the 
hybrid architecture combining conversational AI models, 
vector search and cloud deployment makes the chatbot 
easily accessible for users to obtain personalized insights 
on optimizing energy consumption through natural 
dialogues. The cloud infrastructure allows it to scale on 
demand. 

Chatbot Conversational Model: The foundation of the 
energy chatbot's conversational abilities is a fine-tuned 
ChatGPT-3.5-Turbo language model accessed via the 
LangChain API. Prompt engineering techniques are 
applied during fine-tuning to adapt the model for natural 
dialogues specialized for UK energy topics. Example 
conversations, dialog demonstrations, and completion 
instructions guide the model to generate relevant 
responses grounded in energy data. 

Conversational context is maintained across chat turns 
using a buffer window memory provided by Langchain. 
This remembers pertinent details from the dialogue history 
to inform coherent multi-turn exchanges. 

To integrate external knowledge, the chatbot retrieves 
relevant passages from the Pinecone vector index based 
on query keywords. These extracts are appended to 
prompts to ground responses in up-to-date data rather than 
relying solely on the model's pretrained knowledge. By 
combining the strengths of ChatGPT-3.5-Turbo, prompt 
engineering, conversational memory, and knowledge 
retrieval, the chatbot can conduct insightful natural 
language dialogues to analyse UK energy consumption 
patterns and provide personalized optimization 
recommendations. 

Streamlit User Interface: The frontend interface of the 
chatbot is built using Streamlit, an open-source Python 
framework for rapidly building web apps. Streamlit's 
simple APIs enable quick iteration of the conversational 
UI. Users can interact through text by typing queries in a 
text box. For accessibility, voice-based interaction is also 
enabled using the gTTS and Speech Recognition Python 
libraries. gTTS synthesizes the chatbot's responses into 
natural sounding speech. Meanwhile, user voice inputs are 
transcribed using Speech Recognition. Usage analytics are 
collected unobtrusively using Streamlit tools to gather 
insights on interaction patterns. Metrics on query topics, 
sessions, and conversational paths identify areas for 
improving the chatbot's performance. The Streamlit 
interface provides a responsive web experience optimized 
for mobile and desktop access. Custom CSS controls the 
theming and styling. Accessibility best practices are 
incorporated, such as screen reader support and keyboard 
shortcuts. 

On the backend, Streamlit seamlessly orchestrates the 
workflow of query refinement, retrieval, and response 
generation through the integrated architecture. Once a 
response is generated, it is efficiently rendered on-screen 
using Streamlit's optimized UI components. 

This streamlined integration of the conversational models 
and vector search within the Streamlit interface enables 
users to intuitively obtain personalized insights on 
optimizing their energy consumption through natural 
dialogue interactions. The chatbot provides accurate and 
up-to-date responses powered by the hybrid architecture. 
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Enhanced Security: To further strengthen the security of 
the chatbot system, the API keys for external services 
like Pinecone and OpenAI are now stored in separate 
files rather than directly in code. The main.py and 
utils.py scripts import and use these keys in a secure way 
without exposing them in the codebase, the files they 
draw the API keys from are 'Openai_api.py' and 
'Pinecone_api.py'. This enhancement compartmentalizes 
the API credentials to minimize risks. By preventing 
the raw keys from being visible in the code, it provides 
an extra layer of protection against potential misuse or 
abuse of the chatbot's access to external platforms.

Results and discussions 

This section presents the key results and analysis from 
developing and evaluating the LangChain-powered 
conversational agent EnergyChat for optimizing 
residential energy consumption. Both quantitative and 
qualitative analyses were performed. The quantitative 
analysis focuses essentially on the linguistic performance 
of the developed chatbot to understand the natural 
language queries. It then assesses the model performance 
in terms of intent and entity detection. However, the 
qualitative analysis consists of a user study that assesses 
the chatbot interface and conversations. 

Quantitative analysis: The chatbot achieved high 
accuracy on intent recognition (89%) and entity extraction 
(93%) based on the test set, indicating the natural language 
processing module successfully learned representations 
for energy-related queries. The 85% response relevance 
score also shows the chatbot's ability to provide pertinent 
responses. 

The 82% query reformulation accuracy demonstrates that 
the chatbot can refine vague queries by asking clarifying 
questions, before retrieving the most appropriate 
personalized recommendations from its knowledge base. 

Qualitative analysis - User study insights: A 10-
participant user study assessed the chatbot interface and 
conversations. The key quantitative results are shown in 
Table 2. 

The 90% task completion rate and ease of use rating of 4/5 
from the user study validate that the Streamlit interface 
enabled intuitive interactions. The perceived usefulness 
score of 4.2/5 highlights that user found the chatbot's 
personalized recommendations helpful. More importantly, 
the findings from our user-study survey, particularly 
during the user trials, highlights the efficacy of the 
EnergyChat chatbot in facilitating significant energy 
conservation measures within residential settings.  

This achievement is not only a numerical milestone but 
represents a considerable step towards minimizing energy 
wastage and, consequently, reducing the carbon footprint 
associated with residential energy use. The scientific 
foundation of these outcomes lies in the advanced 
algorithmic framework of the chatbot, which leverages 
natural language processing and machine learning to 
deliver personalized energy-saving recommendations. 

Questions   Options Percentages 

Ease of use Very Easy - Very 
Difficult 

92% 

Response 
accuracy 

Very Accurate - Very 
Inaccurate 

100% 

Response 
time 

Very Fast - Very Slow 88% 

Politeness 
and tone 

Very Polite - Very 
Impolite 

95% 

Desired 
capabilities 

More intents -  Complex 
questions 

30% 

Conclusions 
This paper presented EnergyChat, an innovative chatbot 
designed to address the critical issue of energy efficiency 
in residential settings. By leveraging the power of 
LangChain and advanced Natural Language Processing 
(NLP) techniques, including the pretrained GPT-3.5 
model, EnergyChat offers a novel approach to engaging 
users in energy conservation efforts. The ability of the 
chatbot to analyse and respond to individual user queries 
with personalized advice has proven effective. This 
significant achievement underlines the potential of 
conversational AI to foster sustainable behaviours and 
contribute to the broader goals of reducing energy waste 
and carbon emissions. 

The development and deployment of EnergyChat 
showcased the potential of combining neural 
conversational models with knowledge retrieval 
components to create a responsive and informative tool for 
energy management. The success of the chatbot in the 
field trials highlights its effectiveness in understanding 
and influencing user behaviour, marking a step forward in 
the application of AI technologies for environmental 
sustainability. 

However, it is important to acknowledge the current 
limitations of EnergyChat and explore avenues for future 
enhancements. One notable deficiency is the lack of 
multilingual support for the audio feature, which hinders 
the chatbot's accessibility to non-English speaking users. 
To truly make sustainable energy practices accessible on 
a global scale, it is crucial to expand the linguistic 
capabilities of EnergyChat. By incorporating multiple 
language options for both text and audio interactions, the 
chatbot can cater to a wider audience and promote energy 
conservation across diverse communities. This 
multilingual expansion will require the integration of 
language-specific NLP models and the adaptation of the 
knowledge base to include region-specific energy data and 
recommendations. 

Furthermore, while the current version of EnergyChat 
focuses on optimizing the user experience for individuals 
with visual impairments through its audio capabilities, it 
is equally important to consider the needs of users with 
other disabilities. For instance, individuals who are deaf 
or hard of hearing may benefit from enhanced visual cues 
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and written explanations of energy-saving tips. Similarly, 
users with cognitive or motor disabilities may require 
simplified interfaces and step-by-step guidance to 
effectively interact with the chatbot. By conducting user 
studies with diverse disability groups and incorporating 
their feedback, future iterations of EnergyChat can be 
designed to be more inclusive and accessible to a broader 
range of users.

Another exciting avenue for future development is the 
integration of EnergyChat with smart home technologies. 
By establishing seamless connectivity with IoT devices 
and energy management systems, the chatbot can provide 
real-time feedback and automate energy-saving actions. 
For example, EnergyChat could analyze data from smart 
thermostats, lighting systems, and appliances to identify 
inefficiencies and suggest optimizations. Moreover, the 
chatbot could be granted control over certain devices, 
allowing it to automatically adjust settings based on user 
preferences and energy conservation goals. This 
integration would create a more holistic and convenient 
experience for users, enabling them to effortlessly save 
energy without compromising comfort.

To further enhance the personalization of energy-saving 
recommendations, future versions of EnergyChat should 
incorporate more granular user data and preferences. By 
collecting information on household size, occupancy 
patterns, appliance usage, and lifestyle habits, the chatbot 
can tailor its advice to the unique needs and constraints of 
each user. Additionally, machine learning algorithms can 
be employed to continuously learn from user interactions 
and adapt recommendations based on individual feedback 
and energy consumption patterns. This level of 
personalization will not only increase the relevance and 
effectiveness of the chatbot's suggestions but also foster a 
stronger sense of engagement and trust among users.
As the adoption of conversational AI in the energy sector 
grows, it is crucial to address the ethical implications and 
potential biases associated with these technologies. Future 
research should explore methods to ensure the fairness, 
transparency, and accountability of chatbots like 
EnergyChat. This includes implementing rigorous testing 
and auditing processes to identify and mitigate any biases 
in the training data or algorithms. Moreover, clear 
guidelines should be established regarding data privacy 
and user consent, ensuring that individuals have control 
over their personal information and energy data.

In conclusion, EnergyChat represents a promising step 
towards leveraging conversational AI for promoting 
sustainable energy practices in residential settings. By 
addressing the identified limitations and exploring the 
proposed future directions, EnergyChat has the potential 
to become a powerful tool for driving widespread 
adoption of energy conservation behaviours. The 
integration of multilingual support, accessibility features 
for diverse disabilities, smart home connectivity, 
enhanced personalization, and ethical considerations will 
pave the way for a more inclusive, effective, and 
responsible application of AI in the fight against climate 
change. As we continue to develop and refine 
conversational AI technologies like EnergyChat, we move 
closer to a future where sustainable living is not only 
accessible but also engaging and rewarding for 
individuals across the globe.

Appendix 
Here, the GitHub repository is provided, where the 
research can be accessed for a detailed view. Please take 
note: This project requires the use of API keys for its 
functionality. Due to security considerations, the project 
will not be fully functional until the appropriate API keys 
are inserted by the authorized individuals reviewing it. 
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Mihai, Cristian, Pîrvu, Alexandra, Anghel., Ciprian, 
Borodescu, Alexandru and Constantin (2018). 
Predicting user intent from search queries using both 
CNNs and RNNs. arXiv: Computation and Language. 
[online] Available at: 
https://typeset.io/papers/predicting- userintent-from-
search-queries-using-both-cnns-17lgfn6yys [Accessed 
15 Sep. 2023]. 

Mirko Z. Stijepović (2013). Issues and Solutions for 
Energy Consumption Optimization. typeset.io. [online] 
Available at: https://typeset.io/papers/issues- and- 
solutions-for-energyconsumption-optimization- 
n02rycvqmg [Accessed 15 Sep. 2023]. 

Nabavi, S.A., Aslani, A., Zaidan, M.A., Zandi, M., 
Mohammadi, S. and Hossein Motlagh, N. (2020). 
Machine Learning Modeling for Energy Consumption 
of Residential and Commercial Sectors. Energies, 
13(19), p.5171. 

 [online] Available at: https://typeset.io/papers/ai- 
ethics-by- design-evaluating-publicperception-on-the- 
17975rxsrd [Accessed 15 Sep. 2023]. 

doi:https://doi.org/10.3390/en13195171. 
Nicole Radziwill and Morgan C. Benton (2017). 

Evaluating Quality of Chatbots and Intelligent 
Conversational Agents. arXiv: Computers and 

at: Society. [online] Available 
https://typeset.io/papers/evaluating- quality-of- 
chatbots-and-intelligent-42wzhnly8o [Accessed 15 
Sep. 2023]. 



688

Noureddine, A., Rouvoy, R. and Seinturier, L. (2013). 
A Review of Energy Measurement Approaches. 
ACM SIGOPS Operating Systems Review, 47(3), 
pp.42–49. 
doi:https://doi.org/10.1145/2553070.2553077. 

Patil Rekha, S. and Rao , R. (2021). A Natural 
Language Understanding knowledge-based Chatbot 
over Linked Web Data. Journal of emerging 
technologies and innovative research, [online] 8(8). 
Available 
language- 

at: https://typeset.io/papers/a-natural- 
understandingknowledge-based-chatbot- 

wdd31yx7h8 [Accessed 15 Sep. 2023]. 
Sun, H.-C. and Huang, Y.-C. (2012). Optimization of 

Power Scheduling for Energy Management in Smart 
Homes. Procedia Engineering, 38, pp.1822–1827. 
doi:https://doi.org/10.1016/j.proeng.2012.06.225. 

Ted Briscoe (2014). Introduction to Linguistics for 
Natural Language Processing. typeset.io. [online] 
Available at: https://typeset.io/papers/introduction-to- 
linguistics-for-natural-languageprocessing- 
4liy6yhvje [Accessed 15 Sep. 2023]. 



2024 European Conference on Computing in Construction 
Chania, Crete, Greece 

July 14-17, 2024 

DATA ACQUISITION WORKFLOW UTILIZING LOD3 GEOMETRY TEMPLATES AND 

POINT CLOUDS FOR URBAN BUILDING ENERGY MODELLING
Elisa Iliste1, Ergo Pikas1, Targo Kalamees1, Joosep Viik1

1Tallinn University of Technology 

Abstract 

This case study addresses the data acquisition problem for 
urban energy modeling (UBEM). A novel workflow is 
advanced to gather and integrate data from different 
sources to enable building performance modeling and 
simulation at the neighborhood scale. The building 
typology-specific geometry templates and airborne point 
cloud data to model surrounding buildings and trees were 
used for the integrated workflow. The benefits of the 
developed workflow are demonstrated through a solar 
exposure study, demonstrating the significant impact of 
detailed building geometry, surrounding buildings, and 
trees on buildings’ solar exposure, ranging from the 0% 
difference between LOD2 and LOD3 to 47%. 

Introduction 

The renewed Energy Performance of Buildings Directive 
(EPBD) expands the scope from single buildings to 
district and building stock level planning, development, 
and implementation of renovation measures. Traditional 
single-site/building approaches, processes, methods, and 
tools are not fit for achieving the 2050 decarbonization 
targets (Iliste, 2023; Parts et al., 2023). Moreover, the 
current standards overlook the integration of building 
surroundings in the assessment process, creating a 
disparity between the real-world conditions and 
simulation results. New digital capabilities are needed to 
evaluate existing building stock or buildings in the 
neighborhood and plan, develop, and evaluate renovation 
strategies and solutions.   
Urban building energy modeling (UBEM) supports 
assessing building performance and facilitates the 
creation of decarbonization strategies on an urban scale 
for building clusters (Reinhart and Cerezo Davila, 2016). 
UBEM is the application of physics-based building 
energy models, often relying on bottom-up methods 
(Ferrando et al., 2020), to predict energy use and indoor 
and outdoor environmental conditions for groups of 
buildings (Chen and Hong, 2018). Many UBEM digital 
tools have utilized the EnergyPlus engine (Kamel, 2022) 
(“EnergyPlus”, 2014), which as an open-source engine, is 
flexible and highly customizable (Kamel, 2022). 
The minimum information needed for UBEM modeling 
and simulation includes building envelope and geometry 
data. Building envelope data is commonly assigned by 
using archetypes or reference buildings (Ali et al., 2019). 
In contrast, simplified shoebox models or 3D models are 
used for geometry data, commonly at the level of detail 1 
(LOD1) or 2 (LOD2). However, these models have 

important limitations (Parts et al., 2023). For example, 
these models do not contain necessary information on 
windows and (recessed) balconies, which significantly 
impact solar heat gains, shading, or photovoltage panels 
(PV) placement on the façade (Wang et al., 2022).  
Many studies to generate geometry data for windows have 
been conducted (Dochev et al., 2020; Orenga Panizza and 
Nik-Bakht, 2023). The common method to address this 
data gap is to use window-to-wall ratios (De Jaeger et al., 
2020), assigned to archetypes. Abolhassani et al. scaled 
all wall surfaces by the window-to-wall ratio to get 
window areas (Abolhassani et al., 2022). This method is 
easy to implement but it frequently either underestimates 
or overestimates window areas (Dochev et al., 2020) and 
fails to consider the actual positioning and orientations of 
windows. Furthermore, apartment buildings often do not 
have windows in all orientations, which is why this 
method is often too simplistic. 
Johari et al. (2022) compared the shoebox, LOD1, and 
LOD2 geometry and the related effect of window 
placements and thermal zoning on heat gains. 
Additionally, they examined three main zoning 
configurations: 1 zone per building, 1 zone per floor, and 
5 zones per floor. The results showed that during the 
cooling period of the year, the energy demands of LOD1 
and LOD2 were significantly lower than those of LOD3 
(18% and 13% respectively) (Johari et al., 2022). For the 
heating period, the differences were dismissible.The 
effect of the orientation of windows was not thoroughly 
examined. 
Generally, two distinct bottom-up physics-based UBEM 
study approaches can be distinguished (Kamel, 2022): (1) 
independent simulation (not considering surroundings) of 
multiple buildings and aggregation of results, and (2) 
studying the microclimate effects in a selected region. 
Most studies address either the first or the second area. 
The combined study is less common mainly due to the 
increased computational needs of simulating multiple 
buildings and surroundings together. 
However, in an urban environment, solar radiation, air 
temperature, and wind speed loads are significantly 
affected by surrounding buildings, ground surface 
materials, and vegetation (Shareef, 2021). This is why 
some studies have focused on the combination of these 
approaches and have inspected the effect of urban 
microclimate in UBEM (Dougherty and Jain, 2023; Katal 
et al., 2022; Liu et al., 2023). These have focused on how 
weather influences buildings or how surrounding 
shadings affect buildings.  
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For example, one study created a dataset of wall center 
points of neighborhood buildings, with ground and roof 
heights stored as attributes (Faure et al., 2022). The points 
were then utilized to regenerate shadowing objects. This 
allowed to regenerate objects within a 250m radius as 
shadows to the target building, lowering the 
computational cost. They found that at a district scale, 
differences below 2% could be achieved by including all 
shadowing building surfaces within a 50m radius from the 
building’s centroid. (Faure et al., 2022).  
Another study developed a SketchUp plug-in (MOOSAS-
FastSolar), where the shadowing effects were accounted 
for by two indicators: Surrounding Building Factor (SBF) 
and Impact Factor (IF). The SBF considers the height and 
length of the surrounding buildings and their distance 
from the target building, and IF describes the total shading 
effect on the energy demand of the target building (Wen 
et al., 2022).  
Due to the computational burden, shading effects of trees 
on building energy consumption have been assessed in 
fewer studies (Abdel-Aziz et al., 2015; Zhu et al., 2022, 
2023). Simpson (2002) created lookup tables to provide a 
simple way of accounting for the effect of trees as shading 
objects. Still considering vegetation in addition to 
surrounding buildings should be examined further. With 
the climate pact (Directorate-General for Climate Action 
(European Commission), 2020) and the goal of 
incorporating more green areas in cities, the effect of the 
vegetation will likely increase.  
Shading has a great impact on both building heat gains as 
well as PV production potential. Especially in higher 
latitudes where low sun angles result in more intense 
shadows (Formolli et al., 2023). According to the new 
EPBD, solar energy installations will become the norm 
for existing residential buildings starting in 2033 if 
technically suitable and economically and functionally 
feasible. Currently, the assessment of PV potential often 
occurs without contextual considerations, even at the level 
of individual buildings (Formolli et al., 2023). This is 
mainly due to the lack of requirements but also due to the 
lack of data and increased computational cost (Abdel-
Aziz et al., 2015; Zhu et al., 2022, 2023). This 
simplification can result in disparities between real-world 
conditions and simulation models.  
The research gaps presented above motivated us to plan 
and develop a workflow to tackle the data acquisition 
problem for UBEM. Specifically, this research focuses on 
two research gaps in the context of data acquisition: (1) 
LOD2 versus LOD3 geometry, and (2) the impact of 
surrounding buildings and vegetation. This case study 
aims to streamline and automate the integration of LOD3 
geometry and building surroundings into building 
performance assessment. The workflow consists of 
gathering, preparing, and integrating data from various 
sources to enable modeling and simulation at the 
neighborhood level. The benefits of such workflow are 
demonstrated through a solar exposure study. 

Research Methods 

Workflow Development and Testing 

The design research method (Hevner and Chatterjee, 
2010) was utilized to develop the workflow in the context 
of the case study. The development of the workflow for 
neighborhood scale building performance assessment 
included the following phases: 
• Information needs were specified based on the

literature review.
• Data availability and sources were determined.
• Data was gathered, prepared, and integrated from

different sources to enable UBEM modeling and
simulation at the neighborhood scale.

• Data (specifically, point clouds for modeling trees
and typology-specific geometry) templates were
developed and integrated into a common workflow.

• The benefits are demonstrated in a case study through
a solar exposure study.

Defining Information Needs 

Sufficiently accurate information about the building 
geometry is one major challenge in energy performance 
assessment at the neighborhood level. Solar exposure is 
an important parameter influencing heat gains and on-site 
electricity generation. For this the following information 
is needed: target building geometry, surroundings 
(landscape, neighbor buildings, and trees), geographic 
information, the solar path across the sky (throughout the 
day and year), and climate and weather conditions 
(including direct and indirect solar exposure).  
To assess solar exposure effectively, the surfaces need to 
be categorized based on building number, surface type 
(external wall, window, balcony railing, illustrated in 
Figure 1), surface orientation, and floor numbers. This 
identification allows to evaluate how the positioning and 
orientation of specific surfaces impact solar exposure, 
offering insights into variations across different surfaces 
at various heights. Additionally, this approach allows to 
exclude the north-facing facades, which lack direct solar 
exposure, from the overall average values. This can allow 
us to examine the surfaces that are most affected by solar 
exposure. Spaces with north-facing exteriors have a 
reduced risk of overheating compared to other 
orientations. In addition, they are usually not considered 
for PV installation.  
The study considers the surrounding environment, 
incorporating both neighboring buildings and trees. The 
shapes of these elements serve as shading objects in the 
simulation. To accurately model solar exposure, the 
material properties of these shading objects must be 
considered. Particularly for trees, where the selected 
material accounts for light passing through the voxelated 
shapes. 
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Figure 1: Vertical surfaces of the building. 

Selected Pilot Site 

An Estonian neighborhood (58°22' N Latitude, 26° 46' E 
Longitude) with 22 apartment buildings was chosen to 
develop and evaluate the workflow in the context of solar 
exposure study. The pilot area buildings represent one 
common Estonian archetype (Iliste, 2023): a typical not 
renovated apartment building with precast concrete 
external walls, built between the 1970s and 1990s. The 
main differences were in the number of floors and 
staircases, and orientation. It was also observed that all 
these buildings were constructed from different 
combinations of two staircase modules: (1) a side module, 
and (2) a middle module. This level of standardization 
makes them suitable for developing and applying 
geometry templates. 

Table 1: Studied buildings’ number of floors and staircases, 

and the neighborhood visualization from Estonian Landboard. 

Building 
numbers 

Number of 
floors 

Number of 
staircases 

12, 13 2 2 
13 6 2 
19 6 3 
8 8 2 

0, 1 ,2 ,3 ,4 ,5 ,6 ,7,9 ,10 ,11 9 2 
20,21 9 3 

15,16,17,18 9 4 

Building Information and Geometry Template 

General and technical information of buildings, LOD2 
models, and design documents were acquired from the 
Estonian Building Register (EBR). It is a public database 
containing information for all Estonian buildings. It has 
an open data policy and web services to acquire data. 
Geometry templates were developed to facilitate the 
generation of LOD3 models. For developing and 
constructing geometry templates, the dimensions of the 
buildings were acquired from floor plans and elevations 

of the buildings that had the design documentation 
available in EBR.  
A geometry template is a 2D representation of a typical 
floor plan, consisting of a set of lines and points 
categorized according to their function or position (Figure 
2). Two distinct templates were designed: (1) side module 
and (2) middle module. Each represents a staircase per 
floor and its apartments. Currently, the templates include 
one zone per floor and module. Additional details like 
internal walls could be added, which will be addressed 
within future research. 

Figure 2: Extraction of geometry templates from design 

documents. 

Point Clouds for Modelling Surrounding Trees 

In addition to general and technical information of 
buildings, point cloud data were acquired from the 
Estonian Building Register (EBR). The point cloud data 
for the pilot neighborhood was acquired from EBR, 
processed, and segmented into landscape, trees, and 
buildings. The EBR LOD2 geometry, generated from 
LiDAR data, was used to position and orient the floor 
models to target buildings and to compare simulation 
results to current practices utilizing LOD1 or LOD2 
models. 

System Setup 

An important issue in utilizing more detailed models and 
considering the surroundings is the computational cost. 
The simulations were run on a desktop setup: CPU: i7-
13700 2.10 GHz, Graphic Card: Nvidia RTX A4500, 
Memory: 128GB. Rhinoceros software was chosen to 
develop the workflow. The built-in Grasshopper plug-in 
for visual programming was used to develop 
computational workflows. For the solar exposure study, 
the ClimateStudio plugin, utilizing the EnergyPlus 
engine, for Rhino was employed. For point cloud 
processing, trimming, segmentation, and conversion, 
CloudCompare was used. 

Case Study Results 

Workflow Development Criteria 

The proposed workflow (illustrated in Figure 4) is divided 
into four phases: (1) Data Gathering and Aggregation; (2) 
Point cloud Processing, Segmentation, and Voxelization; 
(3) Generation of LOD3 Building Models; (4) Simulation
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and Visualization of Solar Exposure Study. The main 
criteria for developing the workflow included:  
• Integration of Existing Data Sources and Systems:

Ensuring seamless integration with existing data
sources, systems, and tools to avoid redundancy,
reduce manual data entry, and prototype the
workflow.

• Automation: Automate gathering, preparing, and
integrating data sources to reduce manual effort,
minimize errors, and accelerate the overall workflow.

• Flexibility and Scalability: Ensuring the flexibility
to adapt to changes in processes or requirements and
accommodating growth.

In the following, the workflow phases and steps are 
described in detail.  

EBR Data Gathering and Aggregation 

The first phase involves data gathering and aggregation 
(see Figure 4). For the selected pilot site and its buildings, 
four types of data were gathered from the EBR and 
organized into a common database, including point clouds 
for the selected pilot site, design documentation, building 
LOD2 geometry, and EBR data on buildings. These data 
were acquired by directly downloading publicly available 
datasets or queried through EBR’s open API services. The 
utilization of API services enables the automatization of 
data acquisition.  

Point Cloud Processing, Segmentation and 

Voxelization 

The second phase involved two steps for point cloud 
processing, segmentation, and voxelization to create the 
contextual information (See Figure 4 steps 2.1 and 2.2). 
For modeling and simulating shading effects on solar 
exposure, the airborne LiDAR (light detection and 
ranging) data available for the chosen neighborhood was 
acquired from the EBR. The point cloud was first 
separated into ground and non-ground measurements 
utilizing the cloth-based data filtering method (Zhang et 

al., 2016), implemented in CloudCompare (Girardeau-
Montaut, 2016). Second, off-ground points were 
categorized into buildings, trees, and rest through several 
iterations of applying statistical outlier filters, application 
of scalar fields (i.e., Planarity, Verticality, Sphericity), 
labeling of connected elements, and manual segmentation 
of clouds. The output was three separate sets of point 
clouds for ground, buildings, and trees in *.e57 file 
format.  
Ground, buildings, and tree datasets were imported into 
Rhino, and the voxel method on trees’ point cloud was 
applied to generate tree-like geometries. Different voxel 
sizes were tested and for this study, 1m voxel was used. 
The main criterion for this was the high computational 
cost of smaller-sized voxels. In the future, the impact of 
voxel size will be studied in more detail. 

Generation of LOD3 Models 

This phase involved two steps for generating LOD3 
building models, including creating building archetype-
specific geometry templates and floor models, positioning 

and orientating to the right location, and generating the 
entire LOD3 building model (Figure 4). 
For creating a building geometry template, design 
documents for buildings in the selected pilot site were 
analyzed and two different basic modules were created: 
building side and middle modules. Depending on the 
number of staircases, these modules were aggregated into 
floor models. For example, a building with two staircases 
had only two mirrored side modules, building with three 
staircases had two mirrored side modules and one middle 
module between the two mirrored side modules 
(see Figure 3).  

Figure 3: Geometry templates and aggregated floor models 

After the creation of a floor model, it was positioned and 
orientated to the right location based on the LOD2 models 
from the EBR. After moving floor models to the right 
location, these were copied vertically as many times as the 
buildings had floors. 

Simulation and Visualization of Solar Exposure 

Study 

The fourth phase involved three steps for simulation and 
visualization of solar exposure results (see 4.1 – 4.3). In 
the first step, all previously generated data were integrated 
into a common simulation model.  
In the second step, solar exposure simulations were 
performed for all 22 buildings of the selected pilot site. 
The study focused on assessing the impact of LOD3 
geometry and the surrounding microclimate on solar 
exposure of buildings. Specifically, the focus was on 
vertical surfaces (external walls, windows, balcony 
railings see Figure 1) that are more likely to be affected 
by surroundings, especially when there is minimal 
variation in building heights. 
Four solar exposure scenarios were established for 
simulations: 

1. A LOD2 building in isolation (without surroundings).
2. A LOD3 building with detailed information on

external walls, windows, and balconies in isolation
(without surroundings).

3. A LOD3 building together with its surrounding
buildings.

4. A LOD3 building surrounded by both other buildings
and trees.
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In the first scenario, LOD2 geometry was employed. 
Sensor points were placed only on external walls since the 
LOD2 models lacked additional components such as 
windows and balconies. Surroundings were not 
considered. In the second scenario, solar exposure was 
simulated for walls, windows, and balconies, utilizing 
LOD3 building geometry. Similarly to the first scenario, 
the only shading object considered was the target building 
itself. In the third scenario, surrounding buildings were 
introduced as shading objects and used together with 
LOD3 building models. To optimize computational 
efficiency, LOD2 geometry was utilized for shading, 
while the target building retained LOD3 detail. In the 
fourth scenario, trees were incorporated as additional 
shading objects. 

Demonstration: Solar Exposure Simulations 

Solar exposure simulations were conducted for four 
scenarios and compared based on the total average solar 
exposure (kWh/(m²·yr)). North-facing surfaces were 
excluded, given their minimal exposure to solar. Climate 
Studio`s grasshopper plug-in was utilized for simulations. 

Solar Exposure Comparison for LOD2 and LOD3 

Models 

In the first stage, a comparison between the average solar 
exposure of LOD2 (reference case) and LOD3 vertical 
surfaces was performed (see Figure 5). The LOD2 and 
LOD3 models for 22 buildings have similar side walls. 
Compared to the LOD3, LOD2 does not have different 
vertical wall, window, and balcony surfaces on the main 
facades, they are represented as a single surface. In this 
stage, the overall average values were compared: all 
vertical surfaces of the LOD2, and the average of all 
external walls and windows for LOD3.  
The results revealed an average difference of 16% in solar 
exposure between the LOD2 and LOD3 geometry. The 
minimum difference between LOD2 and LOD3 buildings 
was 0% and the highest 47%. LOD2 overestimated solar 
exposure for buildings with the main facades facing East 
and West, while underestimating it for other buildings 
(Figure 5). For the East and West-facing buildings, the 

average solar exposure of LOD2 was 34% higher than 
LOD3. For North and South facing buildings, the average 
exposure of LOD2 was 1% smaller than LOD3.  

Figure 5: Difference in average solar exposure of scenario I 

(LOD2, reference case) and scenario II (LOD3). 

These results demonstrate how the building’s geometry 
level of detail impacts solar exposure. The main 
differences are in main facades. LOD2 simplifies main 
facades, excluding balconies (together with floors and 
railings), significantly influencing solar exposure on 
external walls and windows. This is why LOD2 
overestimates the solar exposure for the East and West 
facing buildings. 
For the North and South facing buildings, the South walls 
are side walls (similar for LOD2 and LOD3 geometry), 
receiving most of the sunlight. Also, these buildings have 
proportionally smaller main facades than East and West 
facing buildings have. This is why there are not that big 
differences in terms of solar exposure.  

Figure 4: A workflow proposed and developed for neighborhood scale building performance assessment 
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Solar Exposure Comparison Between II, III, and IV 

Scenarios 

A comparative analysis was conducted for the second, 
third, and fourth scenario solar exposure results. Here, the 
second scenario was used as a reference case that the 
others were compared against.  
Within these scenarios, three distinct surfaces were 
separately evaluated: (1) external walls, (2) windows, and 
(3) balcony railings. Additionally, the results were
distinguished based on the floor level. Significant
differences were observed on lower floors (see Figure 6).
For the lower floors, the third and fourth scenarios
exhibited a 17% and 27% reduction in solar exposure
compared to the second scenario where only the target
building without surroundings was considered.

Figure 6: Variations in solar exposure across different surfaces 

and floors of lod3: scenario II (reference case) vs. scenarios III 

and IV. 

When comparing the results of the three scenarios for 
higher floors, the disparities were minimal averaging only 
4-6%. The average reduction in solar exposure over all the
floors compared to scenario two was 12% for scenario
three and 17% for scenario four.
The most substantial difference was observed in solar
exposure on balcony railings with a notable 18% and 34%
reduction on the first floor. This occurs because railings
serve as shading objects for other surfaces (external walls
and windows), while other components do not offer
shading for the railings themselves.
Notably a small difference (3 % on average) in solar
exposure between floors can be identified even when no
surrounding objects are considered. This effect occurs due
to the upper protruding parts of the façade being exposed
to the sun before the rest of the façade (see Figure 7) but
also when the protruding parts cast a shadow on the lower
part of the façade leaving the upper parts exposed to the
sun.

Figure 7: Early solar exposure on the upper protruding part of 

the facade. 

Discussion 

This case study approached the data acquisition problem 
in the field of UBEM by advancing data integration 
workflow. LOD3 geometry, surrounding buildings, and 
trees, as shading objects, were incorporated to facilitate 
neighborhood-level building performance evaluation. 
Solar exposure metric was used to assess the benefits of 
the developed workflow. Solar exposure is an important 
metric influencing many building performance aspects.  
The utilization of geometry templates for highly 
standardized apartment buildings offers a simple solution 
to develop LOD3 models. Solar exposure analysis 
demonstrated a notable 16% difference between LOD2 
and LOD3 geometry. The effect is mainly due to the 
incorporation of balconies that act as shading objects. 
This aligns with another study (Johari et al., 2022) that 
demonstrated 18% and 13% lower energy demand for the 
LOD1 and LOD2 when compared to the LOD3. 
Previous approaches to LOD3 creation have mainly relied 
on manual model creation, making it less cost-effective 
due to resource-intensive implementation. The main 
limitation of the geometry templates is their reliance on 
standardized solutions and designs. That is, geometry 
templates are most useful when there are multiple 
standardized buildings following the same design 
principle.  
We also developed a workflow to simplify the 
incorporation of surroundings into building performance 
assessment and examined the benefits through a solar 
exposure study. We identified that the incorporation of 
surrounding buildings on average leads to a 17% 
reduction of solar exposure on lower floors, with an 
additional 10% reduction attributed to trees.  The 
limitation of the solar exposure results is the exclusion of 
the north-facing facades. In future research, north-facing 
facades could be included to get a more comprehensive 
understanding.  
Also, considering that the examined neighborhood was 
not intensely populated, these effects could be even more 
significant in more intensely populated areas. Some 
existing UBEM solutions have incorporated surrounding 
buildings but have disregarded trees due to the additional 
computational cost. This study demonstrated the need to 
also consider trees. However, the reliability of the 
developed approach and computational cost were not 
examined. This needs to be considered in more detail in 
future studies. 
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This case study primarily focused on workflow 
development and utilized solar exposure as an indicator to 
demonstrate its benefits. Future research could extend this 
work to include overheating modeling and simulation 
studies, additional shading requirements, heat gains, and 
their collective impact on building energy performance. 
This would allow us to further examine the benefits of 
accurate window placements and the impact of shading 
objects. Moreover, our developed workflow enables the 
incorporation of the ground surface. This could be also 
utilized for site analysis, for example, incorporating 
overflooding risk assessment.  

Conclusions 

This case study developed and demonstrated the utility of 
a data aggregation workflow for UBEM incorporating 
LOD3 models, surrounding buildings, and trees for 
building performance assessment at the neighborhood 
scale. Solar exposure was used to evaluate the workflow 
benefits. The proposed workflow was tested in a selected 
pilot site with 22 apartment buildings. The findings from 
our solar exposure study demonstrated the impact and 
need for LOD3 models of buildings with balconies and 
protruding façade elements. Additionally, it showed how 
the surrounding buildings and trees significantly influence 
solar exposure and consequently the reliability of UBEM 
workflows in general, ranging from the 0% difference 
between LOD2 and LOD3 to 47%. As a first step, this 
research contributes to the ongoing efforts towards 
renovation and digitalization as strategic measures for 
decarbonizing the European building stock by 2050. 
However, further studies regarding the reliability of 
typology-specific geometry templates and point cloud-
based building trees are needed. 
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Abstract 

The urgent global need to reduce carbon emissions has 
intensified the focus on transitioning to sustainable energy 
solutions.  Residential heating is a significant contributor 
to greenhouse gas emissions. As such, understanding the 
factors influencing this shift towards more sustainable 
heating solutions, such as gas-free heat pumps, is critical. 
This study employs an agent-based model (ABM) to 
examine the dynamics of adopting sustainable residential 
heating systems, with a special emphasis on the transition 
to a gas-free community. The model integrates individual 
household preferences, financial capabilities, 
environmental concerns, and social influences to 
understand the collective transition. The paper illustrated 
the methodology through a numerical simulation.  
Keywords: Agent-based modeling, residential heating, 
energy efficiency. 

Introduction 

The imperative to curtail global carbon emissions has 
intensified the efforts to transition towards sustainable 
energy solutions. Among the significant contributors to 
greenhouse gas emissions, residential heating stands out, 
necessitating a profound shift towards environmentally 
friendly alternatives. For example, the Netherlands is 
ranked in the top 5 in the EU for per capita greenhouse 
gas emissions, largely due to residential heating, which 
contributes about 10% of national emissions (PBL, 2020). 
The predominant use of natural gas for home heating is a 
key factor (de Wildt et al., 2021).  
The transition to a sustainable heating system faces 
challenges in collective decision-making. These 
challenges stem from varying priorities and constraints 
among homeowners, including economic considerations 
and personal preferences. The complexity increases with 
the need to align these diverse viewpoints for the 
community-wide adoption of sustainable heating 
solutions. 
Traditional equation-based models (EBMs) have been 
widely used to predict the diffusion of energy 
technologies, however, their ability to capture the nuances 
of individual behavior and complex system dynamics is 
limited (Moglia et al., 2017). EBMs typically excel in 
forecasting aggregate behavior but often fall short in 
depicting interactions at the micro-level, which are crucial 
for understanding the intricacies of decision-making for 
energy-related investment. 
Agent-based models (ABM) emerge as a robust 
alternative, addressing these complexities by facilitating a 
detailed and realistic representation of individual agents 
and their interactions within a socio-technical framework. 

ABMs offer an in-depth view of system dynamics, 
integrating agent heterogeneity, social behavior, and 
geospatial elements. They allow for an exploration of 
non-linear relationships and the impact of individual 
decisions, providing a comprehensive understanding of 
diffusion patterns at both individual and collective scales 
(Hansen et al., 2019; Hesselink & Chappin, 2019). 
ABM’s flexibility in simulating various scenarios helps in 
understanding the potential outcomes of different heating 
system implementations, considering the unique 
dynamics of the homeowner decision-making 
(Rahmandad & Sterman, 2008). This intricate decision-
making process encompasses the delicate balance 
homeowners trike between economic incentives, 
environmental concerns, social pressures, and how 
individual preferences and constraints shape their 
decisions towards heating system investments. By 
simulating these varied decision-making processes, 
ABMs can capture the complexity and heterogeneity 
inherent in homeowner behaviors, providing insights that 
are often overlooked in traditional modeling approaches. 
The motivation for this research stems from the urgent 
need to support the transition to sustainable heating 
systems in a way that is both environmentally beneficial 
and socially acceptable. By developing a model that 
simulates household decision-making processes and 
examines the influence of factors such as economic 
incentives and social influence, this study aims to 
contribute insights into the diffusion of sustainable 
heating technologies. Ultimately, the goal is to inform and 
guide effective planning strategies that can accelerate the 
adoption of sustainable heating solutions, aligning 
homeowner decisions with broader environmental 
objectives. 
This paper begins with an overview of background and 
significance, then introduces the model in detail, 
including design, agent attributes, and decision-making 
processes. The subsequent section presents the simulation 
setup, execution, and findings, illuminating the model’s 
insights into sustainable heating adoption. The next 
discussion section links these results to wider real-world 
implications, leading to a conclusion section that 
summarizes key findings and suggests avenues for further 
research. 

Methodology 

An agent-based model was constructed using the Mesa 
framework (Kazil et al., 2020) to examine the dynamics 
of adopting sustainable residential heating systems. This 
model is strategically designed to address the limitations 
commonly found in traditional equation-based models, 
namely their inadequate representation of individual 
behaviors and the static nature of social interactions 

697



(Moglia et al., 2017; Natarajan et al., 2011; Rounsevell et 
al., 2012). This model brings agent heterogeneity into 
consideration, also adds spatial dynamics which 
traditional ones are hard to simulate. By integrating a 
detailed representation of household behavior within a 
socio-technical system, the approach aids in finding real-
world emerging patterns to proposed heating solutions, 
thus enhancing the effectiveness of planning and 
implementation strategies. 

Model Structure 

Agents in the model are autonomous entities representing 
individual households. Each agent is characterized based 
on statistical distributions that reflect socio-demographic 
profiles and social clustering data, consistent with real-
world demographics. The agents are programmed to 
evaluate and possibly adopt energy technologies at each 
simulation step, contingent upon their unique states and 
decision-making rules. These rules are algorithmic 
representations of how agents convert their internal states 
into actions. 
The internal state of an agent encompasses a range of 
parameters such as income, savings, environmental 

concern, energy efficiency concern, and more. The state 
evolves as the agent interacts within its social network and 
makes decisions based on a utility function that integrates 
the Theory of Planned Behavior with the Net Present 
Value (NPV) of potential investments. 
The Theory of Planned Behavior (TPB) (Ajzen, 1991, 
2002; Schiera et al., 2019), which is a widely used human 
behavior theory, explains human behavior through three 
attributes: Attitude Toward the Behavior, Subjective 
Norm, and Perceived Behavioral Control. The intensity of 
the behavior and the individual's commitment to action 
are influenced by the weighted contributions of these 
attributes. 
The utility function, which calculates the behavioral 
intention in this model, is weighted by the agent's attitudes 
toward each technology, perceived social pressure, and 
perceived behavioral control, alongside environmental 
and energy efficiency factors. 
The environment provides a virtual space for agents to 
interact and includes resources such as energy 
technologies and market prices. 

Figure 1. Conceptual ABM framework. 

Figure 1 illustrates the conceptual ABM framework, 
where each household agent has some attributes: income, 
savings, energy use, and thermal needs. The thermal 
needs are influenced by house type, house age, the number 
and vulnerability of family members, and house insulation 
quality. The agents are faced with three primary 

decisions: to invest in a gas-free heat pump, district 
heating with gas, or to refrain from investing. These 
decisions are shaped by the agents' different concerns and 
the financial assessment. Feedback mechanisms are in 
place to reflect the evolving preferences and societal 
norms as agents interact and make investment decisions. 

Figure 2. The behavioral sub model of decision-making process in the ABM model. 
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Figure 2 outlines the decision-making framework based 
on the Theory of Planned Behavior, which sets the 
decision-making rules for agents. The process begins with 
a range of input factors that influence an agent’s beliefs, 
attitudes, and perceptions. 'Subjective Norm' is influenced 
by social aspects, such as the choices made by neighbors, 
reflecting the social pressure component. 'Perceived 
Behavioral Control' encompasses the agent’s perception 
of the ease or difficulty of performing the behavior, which 
in this case could include financial constraints and thermal 
needs. The TPB weights are adopted from a survey 
conducted in the Netherlands  (Niamir et al., 2018). 
Changing the weights would lead to different agents’ 
behavior in the decision-making part. 
These three constructs converge to form a 'Behavioral 
Intention' which is a critical determinant of whether the 
decision to invest will be made. If the value of this 
intention is higher than the intention threshold, the agent 
would decide to invest. Since there are two possible invest 
options in the model, only the one with higher value 
would be considered as household’s decision. The 
decision is the final outcome of this process, indicating 
whether the agent will act on the intention to invest. 

Decision-Making Process 

To detail the model setting, the parameters adopted in the 

model is detailed in Tables 1 and 2. Table 1describes the 
difference between these investment options. Table 2 
shows the parameters in the model, income and energy 
usage values are obtained from open-source datasets 
about the Netherlands, where N means normal 
distribution. These parameters collectively influence the 
final decision-making process. 

Table 1. Comparison of Heating System Investment Options. 

Attributes Heat 

Pump* 

District 

Heating 

No invest/ 

keep 

original 

Investment 

Cost 

Very High Medium None 

Energy Cost Low to 
Medium 

Medium High 

CO2 

emission 

Near Zero Medium 
to High 

Very High 

Energy 

efficiency 

High Medium Low 

Lifespan Around 15 
years 

Over 30 
years 

Around 15-
25 years 

* Note: The Heat Pump category only includes gas-free options such as 
Air-source, Geothermal, or Solar Heat Pumps. 

Table 2. Descriptions of Parameters/ Agent profiles in the model (euros). (Grimm et al., 2010; Müller et al., 2013) 

Parameter Value Influence on Decision 

Household Characteristics 

Income (euros/m) N(47120, 25210), Min: 3250 
(StatLine, n.d.) 

Determines investment capability 

Environment Concern N(0.35,0.1) (OECD, 2023) Increases intention for environmentally 
friendly choices 

Thermal Need Calculate based on occupants and 
house situation 

Affects the choices of heating systems 

Occupants Number & 

Vulnerability 

Uniform Integers [1,5];  
See in Figure 3. 

Influences thermal need 

Insulation Quality N(5,2) Affects thermal need and perceived system 
efficiency 

Energy Usage N(2780, 1548), Positively clipped 
(Netherlands, 2023) 

Affects energy costs and NPV calculations 

Investment Options 

Invest Costs HP: 12000* 
DH: 4500 

Upfront cost affects the decision 

Net Present Value (NPV) Calculated based on costs Affects the long-term perceived benefits 
Discount Rates Calculated from interest rate Used in NPV calculation 
Energy Cost Varies based on energy source Affects running costs 
Lifespan HP: 15 years; 

DH: 30 years 
Affects the discount rate and NPV 
calculation 

CO2 Emission Factors Varies by system type (Blum et al., 
2010) 

Impacts the environmental utility for each 
decisions 

*Note: Initial costs, would change based on year used and energy cost. 
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Figure 3. Number of vulnerabilities per household in the 

Netherlands. (Many Dutch Are Doing Well, but for Some, 

Vulnerabilities Are Accumulating, n.d.) 

The thermal need is calculated by multiplying the number 
of occupants, the presence of vulnerable individuals, 
insulation quality with adjustment factors for house age, 
and heating system energy efficiency. 

𝑁𝑃𝑉 = ∑ (𝐵𝑡 − 𝐶𝑡) (1 + 𝑖)𝑡⁄
𝑡

0
− 𝐶0

The formula is for the calculation of Net Present Value. It 
calculates the present value of a series of benefits 
𝐵𝑡  minus costs 𝐶𝑡  over a period t, discounted by the
average annual bank interest rate i. 𝐶0 is the initial cost.

Figure 4. Decision-making process of the ABM framework. 

The decision-making process is illustrated in Figure 4. 
The model is initialized with 1,000 households, each 
assigned a set of attributes, whose values are randomly 
generated based on the distributions, according to Table 
2. The simulation runs over 15 steps in a loop, with each
step representing a year. In each loop of the simulation,
which represents one-time decision-making process,
agents update their decisions based on various factors,
including the recent choices made by their neighbors. This
dynamic interaction introduces a layer of social influence,
whereby the decisions made by an agent's neighbors in the
current loop can affect the agent's own decision-making
process in the same loop. Along with these social affects,
households annually reassess and update their intentions

and financial estimations, leading to potential changes in 
decision-making. Energy costs are also subject to an 
annual inflation rate, influencing the NPV calculations 
and thereby affecting investment decisions over time. 
At each simulation step, results are collected on the 
number of households installing each heating system type 
and their corresponding investments. After running 15 
steps, the agent decides on a heating system, which is the 
final of the simulation's set duration. This reflects the real-
world scenario where investments in heating systems are 
long-term and rarely reversed. Post-simulation, the 
percentage of households opting for each heating system 
is calculated and analyzed to understand the prevailing 
trends and the impact of the considered factors. 

Results 

A numerical simulation has been performed in this study. 
The simulation demonstrates an increasing preference for 
gas-free heat pumps, indicating a collective inclination 
toward sustainable options. Heat pumps show higher 
adoption rates compared to gas district heating, as 
evidenced by the histogram distribution of final choices. 
The simulation results of 100 runs are presented below: 

Figure 5. Installation numbers of each investment option 

across multiple simulation runs. 

An upward trend for gas-free heat pump is evident, with 
a converging average suggesting a growing preference.  
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Figure 6. Final Installation Choices Histogram of the 

distribution of final choices. 

Indicating a higher adoption rate for heat pumps over gas 
heating. 

Table 3. Overall mean percentage of households’ decisions. 

Overall Mean Percentage in the Households 

Gas-free Heat 
Pump 

District Heating No Invest 

49.30% 30.48% 20.23% 

Discussion 

The agent-based model's simulation process could reveal 
discernible patterns in household heating system 
decisions. The multi-objective nature of the model 
encapsulates the trade-offs between cost, efficiency, 
lifespan, and environmental impact. 
There is a robust inclination towards gas-free heat pumps, 
despite their higher costs and reduced lifespan. This 
preference persists even when compared to gas district 
heating, which offers a longer lifespan and marginally 
improved efficiency than traditional separate heating 
systems but falls behind due to its CO2 emissions. The 
curve of district heating leveled off earlier, reflecting 
some residents’ collective preference for cheaper, long-
lasting district heating. The option to retain existing 
heating systems, which represent the least financial 
burden in terms of upfront costs but fail on efficiency and 
environmental grounds, is the least popular choice.  
This outcome may signify an inherent bias within the 
simulation towards progressive environmental action. 
The bias is driven by the model's weighting of 
environmental concerns and a reflection of the agents' 
social pressure, where the adoption of greener 
technologies is perceived positively. This underscores the 
potential effectiveness of policy mechanisms, such as 
subsidies or carbon taxes, to steer communities towards 
greener alternatives, despite the associated costs and 
practicalities. 
Moreover, the model offers a valuable tool for evaluating 
the influence of social norms and financial capabilities on 
the decision-making process. It highlights the critical role 
played by community behavior and collective 
environmental commitment in fostering the adoption of 
sustainable heating technologies. As such, the findings 
emphasize the interconnected nature of individual choices 
and broader community dynamics in the adoption of a 

more sustainable and environmentally conscious 
approach to residential heating. 

Conclusion 

This study applied an ABM to simulate the adoption 
dynamics of residential heating systems, focusing on gas-
free heat pumps and district heating options.  The model 
effectively captures the nuanced decision-making process 
of households in adopting heating systems. The model 
highlights the complex interplay between various factors 
that shape household decisions. It underscores the need 
for multi-faceted policy instruments that not only 
encourage the adoption of green technology but also 
address barriers related to cost and technology longevity.  
Future research could focus on refining the model's 
parameters, building a more comprehensive real-world 
dataset to capture a broader spectrum of real-world 
behaviors, and integrating feedback loops that might 
emerge from widespread adoption of these technologies. 
Conducting a comprehensive sensitivity analysis is 
essential for validating the model. Furthermore, while the 
model captures individual decision-making within a 
physical neighborhood context—significantly shaped by 
social norms—it does not explicitly simulate collective 
decision-making scenarios. Such scenarios could include 
the influence of key decision-makers whose choices 
disproportionately impact the community's adoption 
patterns. 
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Abstract
Energy storage is crucial to increase renewable energy
adoption in construction. By optimizing their control
strategies, operational costs decrease and return on invest-
ment improves. Model Predictive Controls (MPC) have
been used to optimize the use of energy storage but are
costly to implement. This paper presents an MPC with
a generalized mathematical model for electrical and ther-
mal storage. A methodology is introduced to account for
physical restrictions. Three evolutionary algorithms were
compared for the optimization and a Genetic Algorithm
was found to best reduce the energy bill with average daily
savings of 38.7 %.

Introduction
Driven by decarbonization targets, there is a strong push
for increased electrification of building thermal demand
coupled with the drive for increased use of renewable en-
ergy produced on site. One of the main constraints of Pho-
tovoltaic (PV) self-consumption in residential buildings is
that a significant amount of the consumption takes place
when there is no PV generation. A potential solution to
overcome this is energy storage, electrical or thermal, al-
lowing to use the PV excess generated during the central
hours of daylight to cover the demand at night and other
instants without PV generation. To date, electrical storage
has been favoured, but thermal storage can be an additional
source for storing surplus PV electricity in buildings with
considerably less costs than electrochemical batteries, in-
creasing the self-consumption rate and ultimately, usabil-
ity of the local resource which yields better economics for
the PV system (Psimopoulos et al., 2016).
To shorten the payback time of energy storage systems, it is
important to have a sound control strategy. Most building
systems use rule-based controls, which have the advantage
to be easy to implement and to transfer between buildings
(Noye et al., 2022). However, in the case of energy stor-
age, the efficiency of a control strategy depends on the re-
lation between future production and consumption. The
advances in data-driven predictive models (Zhang et al.,
2021) mean that it is possible to move towards predic-
tive control. Optimal economic dispatch strategies for pro-
sumers with energy storage have been widely investigated
and reported in the literature (Liu et al., 2023). Model Pre-
dictive Controls (MPC) have shown to be effective at opti-
mizing control prediction (Sultana et al., 2017). They con-
sist in finding the optimal control action based on the con-

straints defined by a model over a finite receding horizon.
MPC formulations over a short period of time, typically
a day, to make battery charging/discharging decisions at
each time step have been widely used to address different
operational scheduling challenges, like the dispatch of en-
ergy storage in microgrids (Shang et al., 2020), operation
control of multiple battery energy storage systems (Kim
et al., 2018), market participation of smart home aggrega-
tors (Correa-Florez et al., 2018), or demand response for
heat pump assisted solar water heater (Zhao et al., 2023).
Most of the studies address either battery or thermal stor-
age. Combining both technologies lead to increased con-
trol complexity, as the storage charge and discharge ef-
ficiency, and self-discharge rate differ between technolo-
gies, and are time depended in the case of the thermal stor-
age. A single study has been found to address the joint op-
timization of electrical and thermal storage (Iwafune et al.,
2017), where the additional savings from combining both
storage technologies are clearly stated. However, results
are conditioned by the selected use case, where PV gener-
ation stands for around 5 times the averaged consumption,
leading to a huge PV surplus that limits the margin for op-
timization of MPC management strategies.
The main challenge of MPCs in obtaining a model formu-
lation, including physical constraints, that is compatible
with optimization techniques, which often means reducing
the order of the model and thus its accuracy (Noye et al.,
2022). Evolutionary algorithms have been gaining inter-
est for MPC, as they are able to solve non-linear optimiza-
tion problems with non-differentiable cost functions (see
for example Rodríguez del Nozal et al. (2019)).
The present paper builds on top of previous work from this
research group, where a scalable and flexible optimization
system based on production and load forecasting as aMPC
for electrical storage scheduling (Lloréns et al., 2021). In
the present work, the main contribution is that both, elec-
trical and thermal storage, are simultaneously considered
to optimize their jointly use. A mathematical formulation
for an MPC to optimally control a system with renewable
electricity production, electrical and thermal storage, and
thermal and electrical consumption is presented, together
with its optimization via evolutionary algorithms. The
reparation method has been improved compared to pre-
vious work (Lloréns et al., 2021), so that it provides an
interval of possible value, instead of truncating the values
to their limits, reducing the exploration capability of the
algorithm.
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In the following section, the optimization problem is pre-
sented before describing the methodology used for the op-
timization. Themethodology is divided between themath-
ematical formulation of the optimization problem and the
methodology to solve it. The test case and how it was
implemented is then described before presenting and dis-
cussing the results of the study.

Optimization problem definition
The considered system is composed of the following
elements: electrical production, electrical and thermal
storage, electrical and thermal consumption. A Heat
Pump (HP) is used to charge and discharge the thermal
storage. Figure 1 illustrates the energy flux between the
different elements of the system. The aim of the MPC is
to exploit the flexibility potential provided by the thermal
storage and the electrical battery to maximize the use of
local energy sources.

Figure 1: Main energy fluxes of the conceptual energy system to
control

Methodology
Figure 2 illustrates the general schema of the MPC pre-
sented in this paper. First a general mathematical for-
mulation of the problem is developed based on physical
equations. It is divided in three sets of equations: 1) A
cost function that represents the objective function to min-
imize; 2) A set of constraints to ensure the solutions of the
optimization are viable; 3) A set of equations that link the
different variables necessary for the calculation of the cost
and the restrictions between time steps.
Evolutionary algorithms, a category of meta-heuristic op-
timizations, are then explored to find the optimal solution
of the mathematical optimization problem. Three algo-
rithms were compared: Estimation of Distribution Algo-
rithm, Differential Evolution and Genetic Algorithm. The
inputs of the optimization process are, on one hand, fore-
casting data (PL the electrical load, PPV the photovoltaic
production, QL,T h the thermal load and Tamb the outdoor
ambient temperature) and, on the other hand, the current

Figure 2: Overview of the MPC architecture

state of the system (charge of the battery SoCini and of the
thermal accumulator SoCini,T h).
The optimization variables are the optimized values for
charge and discharge of both the electrical battery (PS) and
the thermal storage (QS) for the N next time steps.
A baseline calculation, based on a rule-base reactive con-
trol sequence, is done in parallel to evaluate the perfor-
mance of the evolutionary optimization process.

Mathematical model formulation
This section describes the mathematical formulation of the
MPC control. It results in a cost function and a set of con-
straints used by the optimization algorithm.

Cost function
The mathematical definition of the optimization problem
is based on the balance of electrical and thermal energies
in the system. The convention used in this paper is that the
positive numbers correspond to discharge actions and neg-
ative numbers to changer actions. For the electrical part,
the energy balance can be expressed as follows:

Pn
PV −Pn

L −Pn
L,T h +Pn

S +Pn
E = 0 ∀n ∈ {1, . . . ,N} (1)

Where Pn
PV is the PV production, Pn

L,T h the electrical load
of the heat pump, Pn

L the remaining electrical load, Pn
S the

electricity charged (<0) or discharged (>0) from the bat-
tery, and Pn

E the electricity drawn from (>0) or injected to
(<0) the electricity grid. n represents the time steps of the
control system and N the optimization period.
The thermal energy balance is expressed as follows:

−Qn
T h −Qn

L,T h +Qn
S = 0 ∀n ∈ {1, . . . ,N} (2)

Where Qn
T h is the thermal load of the system, Qn

L,T h the
thermal energy produced by the heat pump (always <0),
and Qn

S the energy extracted (>0) or injected (<0) from the
thermal storage.
The thermal and electrical equations are coupled by the
heat pump performance, which is:

Pn
L,T h ·COP =− Qn

T h (3)
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WhereCOP is the heat pump’s Coefficient of Performance
(COP), which is a function of both the storage temperature
and the ambient temperature.
Combing Equations 1, 2 and 3, the equation of the conser-
vation of energy is formulated as follows:

Pn
PV −Pn

L − 1
COP

(Qn
L,T h −Qn

S)+ Pn
S
+Pn

E = 0 (4)

The objective of the MPC is to maximize the rate of self-
consumption of the whole building, which is equivalent
to minimizing the energy imported from the grid PE . To
maximize self-consumption, importing electricity need to
be avoided, which corresponds to (PE > 0). Thus the ob-
jective function to minimize becomes:

N

∑
n=1

max
{

0,(Pn
L +

1
COP

(Qn
L,T h −Qn

S)−Pn
S
−Pn

PV )∆t
}
(5)

The use of the maximum condition between 0 and PE
avoids the exported electricity to be considered in the cost
function and results inminimizing the imported electricity.
One limitation of this cost function is that it does not ac-
count for the energy stored in the system within the opti-
mization period, and would thus tend to discharge the bat-
tery. In addition, the cost function of Equation 5 does not
differentiate between a solution with more energy stored in
the system at the end of the period and one with an empty
storage. To include this effect, the energy stored at the end
of the period, weighted by a factor, is added to the cost
function. The function to minimize becomes:

N

∑
n=1

max
{

0,(Pn
L +

1
COP

(Qn
L,T h −Qn

S)−Pn
S
−Pn

PV )∆t
}

−α1 ·Capmax ·
[
SoCN]−α2 ·Capmax,T h ·

[
SoCN

T h
]

(6)

Where Capmax is the net capacity of the electrical battery,
SoCN the State of Charge (SoC) of the battery at the end of
the optimization period, Capmax,T h the net capacity of the
thermal storage, SoCN

T h the SoC of the thermal storage at
the end of the optimization period, α1 a positive weighting
factor for the electricity stored at the end of the period, and
α2 a positive weighting factor for the thermal energy stored
at the end of the period. The drawback of this addition is
the loss of physical meaning of the cost function.

Constraints
To ensure that the cost function leads to solutions thatmake
physical sense, six constrains are introduced. The first
two equations ensure that the charging and discharging of
the battery meet the available battery capacity, one for the
maximum capacity and the second for the minimum. The
restriction on the discharge of the battery is expressed an-
alytically as:

Pn
S ≤ ψS

capmax(SoCini −SoCmin)

∆t

−ψS

n−1

∑
k=1

(min(0,Pk
S ψS)+max(0,Pk

S
1

ψS
))

(7)

And for the charge of the battery the restriction is:

− 1
ψS

(
capmax∆SoC

∆t
− capmax(SoCini −SoCmin)

∆t

+
n−1

∑
k=1

(min(0,Pk
S ψS)+max(0,Pk

S
1

ψS
)))≤ Pn

S

(8)

Where ψS is the battery efficiency, SoCini the battery SoC
at t=0, SoCmin the minimum allowable value for the battery
SoC, and ∆SoC the allowed range for the battery SoC.
Similarly, two restrictions ensure that the charging and dis-
charging of the thermal storage keep the tank operation in
the allowed range. For charging, the equation is:

Capmax,T h −Capmax,T hSoCini,T h

+∆t
n−1

∑
k=1

(Qk
S +G(T k

Tank))≥ ∆t ·Qn
S (9)

And for discharging:

Capmax,T hSoCini,T h

−∆t ·
n−1

∑
k=1

(Qk
S +G(T k

Tank))≥ ∆t ·Qn
S,T h (10)

Where SoCini,T h is the thermal storage’s SoC at t=0, and
Gk(TTank) a function of the tank temperature TTank that ac-
counts for the thermal losses of the storage.
The fifth restriction limits the power available to charge
and discharge the storage to the heat pump maximum ca-
pacity (QT h,max):

0≤ Qn
L,T h −Qn

S ≤ Qn
T h_max (11)

Finally, the sixth restriction limits the power requested
from the grid to the maximum power (by contract), con-
straining the flow in or out of the battery by:

−Pn
L −PL,T h +Pn

PV +Pn
S ≥ −powmax (12)

Where powmax is the contracted electrical capacity.

Relations between time steps
The additional equations presented in this section are used
to calculate how the two SoCs and thermal storage temper-
ature are affected by charge and discharge of the energy
system between time steps. For the SoC of the thermal
storage, the temporal relationship is:

SoCn+1
T h = SoCn

T h −

(
Qn

S −G
(
T n

Tank

)
·∆t

Capmax,T h

)
(13)

The tank temperature in the next time step is:

T n+1
Tank = TTank,min +SoCn+1

T h · (TTank,max −TTank,min) (14)
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Where TTank,max and TTank,min are the maximum and mini-
mum temperature allowed in the tank respectively. For the
battery, the update of the SoC between time steps is:

SoCn+1 = SoCn −
ψs ·min

(
0,Pn

S

)
+
(

1
ψs

)
·max

(
0,Pn

S

)
Capmax

(15)

Control optimization
Evolutionary algorithms
EvolutionaryAlgorithms are heuristic algorithms based on
the Darwin evolution theory known to be efficient at solv-
ing complex optimization problems. They are easy to im-
plement since the fitness function does not need to be dif-
ferentiable. They are based on a population that is evolved
stochastically to look for better solutions. Because they are
good at keeping diversity, they performwell when it comes
to escaping local optimum. Three evolutionary algorithms
were tested for the MPC: Estimation of Distribution Al-
gorithm (EDA), Differential Evolution (DE) and Genetic
Algorithm (GA).
EDA it is an evolutionary algorithm that focuses on build-
ing and updating probabilistic models of promising so-
lutions to guide the search for optimal solutions in opti-
mization problems. DE is an algorithm that optimizes a
population of candidate solutions by iteratively combining
the differences between their parameter values to progres-
sively converge toward the optimal solution. GA mimics
the process of natural selection by iteratively evolving a
population of candidate solutions by selecting, recombin-
ing, and mutating individuals to find optimal solutions in
optimization problems.

Individuals definition
Common to all the algorithm implementation is the defini-
tion of the individuals. A solution is represented by a 2N
array, where the N first values represent the battery control
Pn

S and the N following values, the tank control Qn
S:

{P0
s ,P

1
s , . . . , PN−1

s ,Q0
s,T h, . . . , QN−1

s,T h } (16)

Population initialization
An evolutionary algorithm starts by generating an initial
population of individuals. Because of the restrictions, a
random individual is likely not to be valid. Indeed, the
possible values for Pn

S y Qn
S are constrained by the pre-

vious values and how they have affected the SoC of the
electrical and thermal storage respectively. A sequential
sampling initialization process that incorporates the re-
strictions was implemented starting from the initial state
x0 = x(t0) = (SoC0,SoC0

T h) and where Pn
S y Qn

S depend on
Pn−1

S and Qn−1
S respectively.

According to the restrictions on charge and discharge of the
electrical and thermal storage (Eq. 7-10) the valid range
for Pn

s y Qn
s (the values at the next time step) is as follows:

Pn
s ∈ [−Capmax(1−SoCn−1),Capmax(SoCn−1 −SoCmin)]

(17)

Qn
s ∈ [−Capmax,T h(1−SoCn−1

T h ),Qn
L,T h] (18)

In physical terms, this means that for discharge, the valid
values are those smaller than the energy available at the
accumulator and battery, and for charging the valid values
are limited by the capacity available in the storage. Be-
sides, for the thermal accumulator the discharge cannot be
larger than the thermal load.
Substituting the equation of restriction of maximum load
of the thermal storage (11) in (18) gives:

Qn
s ∈ [max(−Capmax,T h(1−SoCn−1

T h ),Qn
L,T h−QT h,max),

Qn
L,T h] (19)

And finally, substituting Equation 12 that restricts themax-
imum load of the electric battery in (17), gives:

Pn
s ∈ [

max(−Capmax(1−SoCn−1),Pn
L +Pn

L,T h −Pn
PV − powmax),

Capmax(SoCn−1 −SoCmin)] (20)

Equations 19 and 20 define the range of valid values. Be-
cause they are coupled by QL,T h and PL,T h, first a uniform
random sampling is performed to determine the value of
Qn

S. The value of Pn
S is then uniformly sampled within the

resulting range.

Evolution process
The evolution process is implemented according to the
three algorithms tested. For the EDA, the EMNA algo-
rithm proposed by Teytaud and Teytaud (2009) was imple-
mented. It consists in re-weighting to remove bias, which
is aimed at limiting premature convergence. The main hy-
perparameter is the λ which is the number of individuals
retained at each generation.
For the DE, the original algorithm from Storn and Price
(1997) has been implemented where vectors are recom-
bined based on the trial vector that is a linear recombina-
tion of random vectors of the population. The main hy-
perparameter is the scaling factor β which determines the
weight of the selected vectors compared to the individual
that is being evolved.
The GA implements a Gaussian mutation of mean µ = 0
and deviation σ and a uniform crossover which is a com-
monly used implementation according to the review of GA
by Katoch et al. (2021).
As for the initial generation of the population, the evolu-
tion process might generate invalid individuals. Several
approaches exist to address this problem: 1) Define a spe-
cialized operators so that the evolution process only pro-
duces valid solutions; 2) Include a penalty for invalid so-
lutions in the fitness function. One limitation of this ap-
proach is that the algorithm then works on reducing the
penalty and might not focus as much on the optimization
objective; 3) Introduce a repair operator that transforms
invalid solutions into valid solutions.
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Approach (3) was implemented using Equations 19 and
20. When the value at n violates one of the constraints,
the individual is repaired sequentially at all the time steps
between n and N. This enables to keep diversity in the
population despite the reparation process.
The fitness of the generated individuals is evaluated using
the cost function defined in Equations 6. It is used to build
a ranking of individuals and select among themwhich ones
progress to the next generation.

Baseline definition
To assess the performance of the optimization strategy, a
static control strategy was defined using a set of rules. This
strategy consists in a basic sequence that, in case where
there is a PV surplus, it is stored in the battery, and once
this is full, the system starts filling the thermal storage
through the heat pump. Once both storage are full, it sends
the surplus to the electricity grid. In the case there is no PV
surplus, the system uses, if possible, the energy available
both at the battery and the storage, and if they are empty, it
will use electricity from the grid. This control strategy is
evaluated for each individual in the optimization process,
to compare to the evolutionary algorithms’ results.

Implementation
This section describes the implementation of the MPC de-
scried in the previous section and the test case that was
used to test it. The mathematical model was implemented
in Python, and the DEAP python library was used to im-
plement the evolutionary algorithms.

Test case
The test case is based on a real multi-family building lo-
cated in Pasaia, Spain. The energy system to be controlled
has two central air-to-water heat pumpswith a total heating
power of 34 kW at nominal conditions with a thermal stor-
age of 2.000 litres located in the building garage. From this
centralized system, a low temperature (30º C) distribution
loop runs through the building to the individual water-to-
water heat pumps located at each of the dwellings to pro-
vide heating and Domestic Hot Water (DHW). Besides,
there is a 6 kWp PV system on the roof and an electrical
battery for storage.
The controlled system does not include the storage for the
DHW linked with the water-to-water heat pumps at each of
the dwellings. They offer limited flexibility potential (less
than 2 kWh compared to close to 70 kWh for the central
storage) while including them would significantly add to
the computational complexity. This means an increased
computational effort, poorer performance, more expenses
in monitoring and control and in general, a less robust im-
plementation.

Heat pump and water tank models
The COP and the thermal losses of the tank use equations
specific to the use case. Those are characterized by a cor-
relation that is a function of the tank temperature and the
ambient temperature. For the COP, the following function

was used:

COP = 10.168−2.716·10−1 ·TTank +4.331·10−2 ·Tamb

+2.372·10−3 ·T 2
Tank −6.623·10−4 ·T 2

amb (21)

This correlation was obtained from data generated by a
simulation of the system in TRNSYS, where the heat pump
was modeled by a performance map obtained from the
manufacturer data. This correlation could be updated by
monitoring data from the system if available.
G(TTank) is a function that characterizes the thermal losses
of the water tank. To obtain it, a thermal storagewith cylin-
drical geometry and insulated according to the regulatory
specifications was modeled in TRNSYS. The function was
obtained preforming a correlation of the results of simula-
tions of this model:

G(TTank) = (3.6+1.9 ·Vol) · (TTank −15) ·10−3 (22)

Where Vol is the tank volume in m³ and TTank is the tank
temperature in °C.

Test case parameters
The optimization horizon N was selected to be 24 hours
with time steps ∆t of 1 hour.
In the cost function, the value of α1 was set to 0.9 ·ψ , and
the value of α2 to 0.9/3.5, where 3.5 is a proxy of the heat
pump average COP. Themotivation for the 0.9 value was to
give a slightly higher value to the energy already consumed
than the one stored for the next day.
The values of the physical parameters of the system are
summarized in Table 1. The value of the heat storage ca-
pacity was calculated from the sensible heat capacity of
water as:

capmax,T h =
4.18 ·Vol · (TTank,max −TTank,min)

3.6
[kWh]

(23)
Optimization inputs
To test the validity of the developedMPC, one year of syn-
thetic input data were generated. The hourly production
were generated with PVGis for the location of the build-
ing. The TMY weather file generated by PVGis was used
as well for generating the ambient temperature, to ensure
consistency between radiation and temperature data. The
hourly thermal load data were generated based on the his-
torical natural gas invoices of the occupants. From these
invoices, the summer consumption was accounted as rep-
resentative of the DHW load, and the rest of the consump-
tion was accounted as space heating. To generate hourly
values of DHW load, the software DHWCalc 2.0 was used,
imposing that the yearly load fits the value estimated from
the invoices. For the space heating, the generation of
hourly loads from annual values was done by allocating the
operation of the thermostat in a minute basis based mainly
on ambient temperature, hour of the day, a setpoint temper-
ature and radiator capacity. The profile is subject to fit the
amount of energy derived from the natural gas invoices.
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Table 1: System parameters of the test case

Parameter Value

Battery capacity (capmax) 6 kWh

Valid SoC range for the battery
(∆SoC)

0.8

Battery minimum SoC (SoCmin) 0.2

Battery charge/discharge effi-
ciency (Ψ)

0.95

Maximum storage temperature
(TTank,max)

55 ºC

Minimum storage temperature
(TTank,min)

25 ºC

Accumulator volume (Vol) 2 m³

Storage capacity (capmax,T h) 70 kWh

Heat pump maximum capacity
(Qth,max)

18 kW

Maximum electricity consump-
tion (powmax)

18 kW

The initial daily SoC were set to 0.6 for SoCini and 0.5 for
SoCini,T h, so as to be in the middle of the range between
minimum and maximum charge.

Test days
To select the best algorithm, a set of days representative
of the different boundary conditions were selected. Since
the optimization potential is strongly affected by the PV
production and the thermal and electrical loads, the ratio
between the PV production and the system load was used.
After evaluating the metric for all the days in the test data,
the days were ordered and days on the quantiles were sam-
pled in increments of 0.1 (Table 2).
The days with a low PV/Load ratio have a high demand
compared to the PV production, when the days with a high
PV/Load ratio have a lot of production compared to the
demand. The days with the most optimization potential
are the ones where the PV/Load ratio is more balanced.
The optimization results of the best algorithm were then
evaluated on the full year.

Discussion and result analysis
Evolutionary algorithm selection
Several configuration were tested on the 10 reference days
for the different algorithms. For the EDA, several values
of λ between 300 and 1200 were tested. They were found
to have a very small influence on the final results. Al-
though the EDA gave acceptable results some days, there
were days when it did not manage to improve on the base-
line, mostly in days with a low PV/Load ratio. For the DE,
different values of the scaling factor β were tested. Lower

Table 2: Days selected for the evaluation of the optimizer

Quan-
tile

Date PV/Load
ratio

Total
load
(kWh)

0 16/01/2022 0.04 46.12

0.1 07/03/2022 0.32 24.85

0.2 15/11/2021 0.59 15.97

0.3 09/12/2021 0.77 36.22

0.4 25/04/2022 1.06 18.19

0.5 06/05/2022 1.74 9.03

0.6 01/07/2022 2.03 8.68

0.7 01/08/2022 3.22 8.12

0.8 07/05/2022 2.59 12.99

0.9 06/09/2021 4.29 6.41

1 06/07/2022 4.45 7.83

values of β performed better, but the DE got stuck in a lo-
cal minimum and complexity would need to be added to
the algorithm to increase its exploration rate, in order to
have satisfactory results. For this reason and although the
EDA and the DE could be improved to palliate their initial
limitations, the GA was selected as the best algorithm as
a basic implementation would give better results than the
baseline.
For the GA, the main hyperparamters tested were the se-
lection method and the σ value. The most important factor
for the GA to find better solutions than the baseline is the
selection of individuals that pass to the next generation.
With the roulette method the GA converges in a local min-
imum and fails to improve the baseline, whether the tour-
nament selection method enables to improve the baseline.
Finally, σ was found to have a small influence on the re-
sults, and only affect the optimization outcome on the days
with more solar production than demand. The final value
selected is 0.5.
Once the GA algorithm was selected, some experiments
have also been carried out to determine the best popula-
tion size and optimal number of generations. It was found
that 200 was generally a good number for both. Table 3
shows that the best individual is generally identified be-
tween generations 157 and 200. Even in the cases where
the best individual was generated in the generation 200, it
was found that running the optimization longer would only
marginally improve the result.

Optimization results
This section summaries the optimization results obtained
with the MPC with GA optimization. Table 3 shows the
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Table 3: Results of the genetic algorithm for the test case

Date PV/Load
ratio

Total
load
(kWh)

Cost GA Cost
baseline

Ab-
solute
savings

Relative
savings
%

Best
individ-
ual’s
genera-
tion

16/01/2022 0.04 46.12 30.47 30.12 -0.35 -1.17 % 179

07/03/2022 0.32 24.85 4.27 4.66 0.39 8.39 % 165

15/11/2021 0.59 15.97 -5.19 -3.56 1.64 46.00 % 191

09/12/2021 0.77 36.22 0.78 3.14 2.36 75.14 % 199

25/04/2022 1.06 18.19 -8.21 -8.10 0.11 1.31 % 198

06/05/2022 1.74 9.03 -15.59 -13.76 1.83 13.33 % 178

01/07/2022 2.03 8.68 -17.59 -17.39 0.21 1.20 % 187

01/08/2022 3.22 8.12 -21.69 -19.88 1.81 9.10 % 198

07/05/2022 2.59 12.99 -23.04 -18.99 4.06 21.36 % 200

06/09/2021 4.29 6.41 -23.39 -19.57 3.82 19.52 % 157

06/07/2022 4.45 7.83 -20.90 -21.21 -0.31 -1.48 % 199

Figure 3: Daily absolute saving over one year

savings achieved for the 10 representative days. The abso-
lute savings are difficult to interpret due to the additional
term added to the cost function which makes it lose its
physical meaning. Relative savings were thus calculated
as the percentage of absolute saving compared to the cost
of the baseline.

It can be seen that for two of the selected reference days,
the MPC yields a performance under the baseline defini-
tion. Those days correspond to the limit cases. The 16/01,
there is almost not PV production while the load is high.
The 06/07, the demand is limited while the PV production
is high. In both cases, there is no potential for optimiza-
tion and the baseline provide the optimal solution. In those
cases the GA failed to converge to the baseline. This can be
solved in practice by implementing a control rule that does

only run the MPC when there is optimization potential.
Two of the representative days have savings that are lower
than 2 %. The 25/04 the demand during the hours with
PV production is very close to the production, meaning
the optimal solution is to consume the PV energy as it is
produced leaving little room for optimization. The 01/07,
the lack of optimization reserve comes from the fact that
the pick of demand is before the period of PV production
and the rest of the days then corresponds to a case with
high solar production and no demand.
For the rest of the days (7 out of 11), the MPC is able to
leverage the combined electrical and thermal storage much
better than the rule base system.
Figure 3 shows the daily saving (without the additional
term) that the MPC achieves compared to the rule base
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control. It can be seen that the MPC yealds less interest-
ing saving in the winter month (beginning and end of the
year) where there is statistically less solar production, but
provides good results the rest of the year. Over the year
1454.23 kWh less is imported from the grid, which rep-
resents an average of 38.7 % of daily saving compared to
the baseline. This could be further improved by using the
baseline when it yields better results.
The MPC has been developed with PV in mind because of
the test case at hand, but the mathematical formulation re-
mains valid for any other electrical production (e.g. micro
wind generation). The optimization results would need to
be validated as the pattern between production and con-
sumption would be different. Similarly, the formulation
stays valid for a case where there is only one of the two
storage types. In this case, the values of the system that is
not present can simply be put to be zero.

Conclusions
In this paper, an evolutionary algorithm-based MPC opti-
mizing the operation of both electrical and thermal renew-
able energy storage was proposed. A parametrisable math-
ematical formulation of the optimization problemwas pre-
sented. Three evolutionary algorithms were tested to solve
the optimization problem and a methodology to address
physical restrictions was proposed. A genetic algorithm
with tournament selection was shown to give the best re-
sults. The average daily saving of the MPC compared to a
traditional rule-base control was found to be 38.7 %.
As future work, it would be interesting to test the results
with variable energy prices, which enable to take even
more advantage of the thermal and electrical storage.

Acknowledgments
This work was developed as part of the HAPPENING
Project, which has received funding from the European
Union’s Horizon 2020 research and innovation program
under grant agreement No. 957007.

References
Correa-Florez, C. A., Michiorri, A., and Kariniotakis, G.

(2018). Robust optimization for day-ahead market par-
ticipation of smart-home aggregators. Applied Energy,
229:433–445.

Iwafune, Y., Kanamori, J., and Sakakibara, H. (2017). A
comparison of the effects of energy management using
heat pump water heaters and batteries in photovoltaic -
installed houses. Energy Conversion and Management,
148:146–160.

Katoch, S., Chauhan, S. S., and Kumar, V. (2021). A re-
view on genetic algorithm: Past, present, and future.
Multimedia Tools and Applications, 80(5):8091–8126.

Kim, S.-K., Kim, J.-Y., Cho, K.-H., and Byeon, G.
(2018). Optimal Operation Control for Multiple BESSs

of a Large-Scale Customer Under Time-Based Pricing.
IEEE Transactions on Power Systems, 33(1):803–816.

Liu, J., Dai, Z., Bo, R., Meng, F., and Ou, M. (2023). Opti-
mal economic dispatch policy for prosumer with energy
storage considering self-consumption demand. Com-
puters & Industrial Engineering, 176:108853.

Lloréns, I., Alonso, R., Gil-López, S., Riaño, S., and
Del Ser, J. (2021). A Novel Formulation for the Energy
Storage Scheduling Problem in Solar Self-consumption
Systems. In 15th International Conference on Soft Com-
putingModels in Industrial and Environmental Applica-
tions. Springer International Publishing.

Noye, S., Mulero Martinez, R., Carnieletto, L., De Carli,
M., and Castelruiz Aguirre, A. (2022). A review of ad-
vanced ground source heat pump control: Artificial in-
telligence for autonomous and adaptive control. Renew-
able and Sustainable Energy Reviews, 153:111685.

Psimopoulos, E., Leppin, L., Luthander, R., and Bales, C.
(2016). Control algorithms for PV and Heat Pump sys-
tem using thermal and electrical storage. In EuroSun
2016. International Solar Energy Society.

Rodríguez del Nozal, A., Gutiérrez Reina, D., Alvarado-
Barrios, L., Tapia, A., and Escaño, J. M. (2019). A
MPC Strategy for the Optimal Management of Micro-
grids Based on Evolutionary Optimization. Electronics,
8(11):1371.

Shang, Y., Wu, W., Guo, J., Ma, Z., Sheng, W., Lv, Z., and
Fu, C. (2020). Stochastic dispatch of energy storage in
microgrids: An augmented reinforcement learning ap-
proach. Applied Energy, 261:114423.

Storn, R. and Price, K. (1997). Differential Evolution – A
Simple and Efficient Heuristic for global Optimization
over Continuous Spaces. Journal of Global Optimiza-
tion, 11(4):341–359.

Sultana, W. R., Sahoo, S. K., Sukchai, S., Yamuna, S., and
Venkatesh, D. (2017). A review on state of art develop-
ment of model predictive control for renewable energy
applications. Renewable and Sustainable Energy Re-
views, 76:391–406.

Teytaud, F. and Teytaud, O. (2009). Why one must use
reweighting in estimation of distribution algorithms. In
Proceedings of the 11th Annual Conference on Genetic
and Evolutionary Computation. Association for Com-
puting Machinery.

Zhang, L., Wen, J., Li, Y., Chen, J., Ye, Y., Fu, Y., and
Livingood, W. (2021). A review of machine learning in
building load prediction. Applied Energy, 285:116452.

Zhao, Z., Wang, C., andWang, B. (2023). Adaptive model
predictive control of a heat pump-assisted solar water
heating system. Energy and Buildings, 300:113682.

710



2024 European Conference on Computing in Construction
Chania, Crete, Greece

July 14-17, 2024

A SIMPLIFIED BAYESIAN APPROACH FOR THE CALIBRATION OF
DISTRICT-BUILDING ENERGYMODELS

Said Bolluk, Özyeğin University, Istanbul 1

Senem Seyis, Özyeğin University, Istanbul 1

Reyhan Aydoğan, Özyeğin University, Istanbul 1

Ece Kalaycıoğlu Özdemir, Özyeğin University, Istanbul 1

Abstract
Bayesian optimization with surrogate modeling is widely
used to calibrate building energy models. However, com-
plexities arise in surrogate modeling due to the variability
in building morphology at the urban scale. Thus, main-
taining dynamic simulation accuracy is crucial. This study
presents a novel optimization framework for calibrating
district-building energy models using Bayesian decision
theory. Once tested on a case study district, the approach
reduces monthly calibration error by approximately 45%.
Future works could be employing more robust classifiers
and handling imbalanced target variables. The proposed
approach can minimize computational demands for opti-
mizing dynamic models while ensuring reliability.

Introduction
Building energy use contributed to 60 million tons of in-
crease in greenhouse gas (GHG) emissions globally in
2022, comprising over 19% of the total rise in GHG
emissions from the world’s overall energy consumption
(OECD, 2023). The construction industry should be inves-
tigated thoroughly to understand and reduce such a vast en-
ergy use. The occupant-related uncertainties (Santin et al.,
2009) and the diversity in the characteristics of the ur-
ban building stocks (Oraiopoulos and Howard, 2022) com-
plicate the analysis of the building energy demand with
reliable assumptions. Similarly, the construction indus-
try’s partial failure in digitization and the resulting lack
of comprehensive data hinder studies examining the en-
ergy consumption of urban building stocks (Reinhart and
Davila, 2016) (Ferrando et al., 2020). However, well-
equipped building energy models can provide sustainable
solutions to monitor and control urban building energy use
(Wang et al., 2018) (Buckley et al., 2021). Dynamic mod-
els in building energy modeling (BEM) and urban build-
ing energy modeling (UBEM) involve creating computer
models that simulate the energy performance of buildings.
During simulation, these models evaluate many factors,
such as buildingmaterials, HVAC systems, occupancy pat-
terns, and weather conditions. Unlike statistical models
that analyze the correlation between the building energy-
related parameters and the resulting energy consumption
and provide predictions usually at lower temporal resolu-
tions (e.g., annual predictions), dynamic models track how
energy usage fluctuates throughout the day, week, month,
or even year by considering the variations in the build-
ing operational schedules and the climate conditions (Pan
et al., 2023).
The parameters of dynamic models often need calibra-

tion due to insufficient data to characterize buildings ac-
curately, especially at urban level analysis, where di-
verse building stocks complicate calibration against me-
tered consumption data (Chong et al., 2021). However,
calibration is an iterative process that hinders the paramet-
ric optimization of dynamic models, which are computa-
tionally expensive due to exhaustive simulations covering
the thermal interaction between building components. In
this sense, Bayesian Optimization stands out as a powerful
technique for calibrating simulation parameters (Hou et al.,
2021). Traditionally, Bayesian Optimization employs sur-
rogate models, such as regression models or Gaussian pro-
cesses, to approximate the complex relationships within
the dynamic simulation framework (Hou et al., 2021).
These surrogatemodels replace the actual dynamicmodels
and significantly reduce the computational time. They fa-
cilitate assessing various scenarios and obtaining optimal
parameter combinations efficiently.
For instance, Markov chain Monte Carlo (MCMC) algo-
rithms are prevalent optimization methods that employ
surrogatemodeling to estimate the posterior distribution of
unknown parameters in Bayesian calibration. MCMC al-
gorithms iteratively determine optimization directions by
assessing parameter combination errors. In this regard, it
resembles the online learning concept adopted in Artificial
Neural Network (ANN) models (Rumelhart et al., 1986).
Dynamic models are black box models whose simulation
output depends on various complex assumptions and fac-
tors. Therefore, surrogate modeling approaches are valu-
able in BEM or UBEM when the dynamic models offer
no analytical solution that refers to a direct mathematical
method for determining the likelihood of parameter values
and, consequently, the posterior probabilities (Hou et al.,
2021). Surrogate models are effective when there is little
or no knowledge about the possible values of the parame-
ters and their prior probabilities.
However, replacing the dynamic models with surrogate
models might yield a loss of accuracy in modeling com-
plex patterns in building morphology at the district and
urban scales. When the objective function is spoiled due
to the high uncertainty raised by urban building stocks, the
optimization process can be faulty. Therefore, the pre-
cision of models defining the optimization function be-
comes crucial even though utilizing an actual model in-
stead of a surrogate model in the likelihood creation pro-
cess can be exhaustive. Hence, this study proposes a sim-
plified Bayesian optimization method to overcome the lim-
itations arising from the computational requirements and
reliability of surrogate modeling. Here, the primary aim
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is to filter and reduce the size of the parameter space.
The proposed approach defines a simplified version of the
Bayesian likelihood by assessing the probability of success
in scenarios. This approach can be utilized for optimiza-
tion problems that involve complex computational models
(dynamic models) where the actual objective function is
not easily accessible. It can be precious when uncertainty
regarding the possible value ranges for simulation param-
eters can be significantly reduced through knowledge ac-
quired from buildings’ energy-related records or thorough
research. Therefore, it can potentially enhance the opti-
mization process without relying on surrogate modeling
techniques.

Methodology
The methodology consists of five sequential steps. First,
a dynamic model of the buildings in a selected district
is constructed. Next, energy simulations are conducted
for various scenarios, each comprising different combi-
nations of simulation parameters, through the dynamic
model. These scenarios are then compared with the mea-
sured data and labeled as desired and undesirable accord-
ing to their monthly simulation errors. Subsequently, a
Gaussian Naive Bayes Classifier is developed to classify
scenarios as either desired or undesired. This classifier
enabled the optimal parameter combination to be derived
from the posterior distributions of the simulation param-
eters. Ultimately, a Bayesian Model is created using the
optimal parameter combination, and a final energy simu-
lation is performed to evaluate the proposed calibration of
the dynamicmodel. Themethodologyworkflow is demon-
strated in Figure 1.

1. Building A Dynamic Model
The proposed calibration approach begins by creating a
dynamic energy model for a sample district. Choosing
a modeling tool with a user-friendly interface is crucial
for easy adjustments to input data to optimize the dy-
namic model. Furthermore, the performance of the se-
lected modeling tool must be validated, particularly in
urban-level building energy assessment, to ensure its ro-
bustness and reliability. Therefore, the Urban Modeling
Interface (UMI), a widely used tool in urban planning stud-
ies worldwide (Ang et al., 2022), is selected to assess the
building energy consumption of the sample district. UMI
is developed by MIT Sustainable Design Lab (Reinhart
et al., 2013). UMI is integrated into a computer-aided de-
sign (CAD) program called Rhinoceros 3D (Rhino) that
provides a user-friendly environment for the modeling and
simulation steps (McNeel and Associates, 2008). UMI re-
quires three main types of input data to create a 3D dy-
namic model. These are building templates, building ge-
ometries, and weather data. A building template is text-
based data that includes various categories with the essen-
tial characteristics of the buildings, such as the building
envelope properties, zone conditioning details, HVAC de-
tails, domestic hot water (DHW) details, and building op-

erational schedules. Each category requires a detailed de-
scription of the mechanical systems, building parts, or op-
erations. A building template should adequately represent
the selected buildings in a district to ensure the accuracy
of the energy simulation. Buildings are represented within
archetypes of building energy models since modeling each
buildingwith its specific characteristics is time-consuming
at the district and urban scales. The following input of the
dynamic model is the building geometries. Building ge-
ometries are attained from existing building footprints or
newly created ones in GEOJSON format. These footprints,
along with building heights and glazing ratio of building
surfaces, are processed in the UBEM.io tool (Ang et al.,
2022) to create the building geometries. The final input of
the dynamic model is weather data in EnergyPlus Weather
(EPW) format. Typical EPW weather data includes com-
prehensive meteorological information such as tempera-
ture, humidity, wind speed and direction, solar radiation,
and precipitation recorded at regular intervals. Once these
three components of the dynamic model are gathered, the
3D UMI model is ready for the energy simulations.

2. Performing Energy Simulations
The dynamic model consists of various inputs (simulation
parameters) that represent the energy consumption char-
acteristics of buildings. These parameters need optimiza-
tion to minimize simulation errors. Once the simulation
parameters are identified for optimization, scenarios are
crafted by combining them, and these scenarios are in-
tegrated into the 3D UMI Model as building templates.
Monthly energy simulations are subsequently conducted
for each scenario.

3. Labeling Scenarios
Monthly simulation errors of the scenarios against metered
data are calculated using the Coefficient of Variation of the
Root Mean Square Error (CV-RMSE) (Equation 1).

CV −RMSE =
1
r̄

√
∑N

t=1(rt − yt)2

N
(1)

In Equation 1, r̄ is the average of the monthly target con-
sumption obtained from metered data, rt represents the
monthly cumulative target consumption, yt is the monthly
cumulative simulation result, and N is the total number
of monthly simulation outputs, which is twelve. As seen
fromEquation 1, CV-RMSE decreases as themonthly sim-
ulation errors get smaller and more consistent. Hence,
it simultaneously evaluates the stability and accuracy of
the dynamic model. Additionally, an error metric named
MAPE, which calculates the average percentage difference
between simulation results and metered data, is utilized to
measure the scenario errors (Equation 2).

MAPE =
1
N

N

∑
t=1

∣∣∣∣ rt − yt

rt

∣∣∣∣ (2)

The main idea of the proposed approach is to label scenar-
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Figure 1: Methodology workflow

ios according to their simulation errors and subsequently
perform classification to derive the optimal parameter val-
ues. To achieve this, a maximum allowable error limit for
CV-RMSE is defined. ASHRAE suggests that the simu-
lation (or prediction) error should not exceed 15% at the
monthly resolution based on the evaluation metric CV-
RMSE (ASHRAE, 2002). Thus, the maximum allowable
error is set to 15% of CV-RMSE, and each scenario is la-
beled according to the total operational energy use inten-
sity. For example, if a scenario’s error is less than or equal
to the maximum allowable error, the scenario is labeled
one, and zero otherwise. The scenarios with label one are
considered as desired scenarios.

4. Building A Bayes Classifier
The optimization becomes a binary classification task after
labeling scenarios. Here, the goal is to derive the posterior
probability distributions for the scenario labels (zero and
one) using the Bayes formula in Equation 3:

P(Li | X) =
P(X | Li)P(Li)

P(X)
(3)

In Equation 3, X denotes the parameter combination, and
Li represents the scenario label. There are two possible
labels for each scenario: Li = {0,1}. The posterior dis-
tributions for the labels zero and one are determined us-
ing the likelihood function P(x | Li) and prior probabilities
P(Li) since the denominator P(X) is the same for both la-
bels. The term P(X) in the denominator is called evidence,
which is the probability of observing a certain parameter
regardless of a condition. The prior probability P(Li) is the
ratio of the number of scenarios with label i (zero or one)
to the total number of scenarios. The likelihood function
is the joint probability distribution of the simulation pa-
rameter combinations for each label. Here, the simulation
parameters are assumed to be conditionally independent
for simplicity of the optimization (Equation 4. This trans-
forms the model into a Naive Bayes classifier.

P(X | Li) =
n

∏
m=1

P(xm | Li) (4)

The likelihood function is the multiplication of the con-
ditional probability of each simulation parameter over a
given label. In Equation Equation 4, m is five since there
are five parameters in scenarios. Each conditional proba-
bility P(xm | Li) is assumed to have a Gaussian (normal)
distribution with the parameters µm (mean) and σm (stan-
dard deviation) as shown in Equation 5.

P(xm | Li) =
1

σm
√

2π
exp

(
− (xm −µm)

2

2σ2
m

)
(5)

Here, the objective is to find the optimal normal distribu-
tion parameters for each conditional probability P(xm | Li).
This is achieved by using the maximum likelihood esti-
mation, wherein the gradient of the likelihood function
is taken with respect to the distribution parameters (mean
and standard deviation) to derive the optimal distribution
parameters. These means and standard deviations are cho-
sen to maximize the likelihood of the observed data given
each label. Consequently, there are two posterior distri-
butions with optimal mean and standard deviation corre-
sponding to the labels zero and one. The expected value
of a simulation parameter xm, representing the average out-
come expected to occur over many repetitions of the ran-
dom event, can be calculated from its posterior probabil-
ity distribution conditioned on a specific label Li. There-
fore, the expected values of the simulation parameters are
the means of their posterior distributions based on labels
one and zero, Here, it is essential to differentiate between
simulation and distribution parameters to avoid confusion.
Once the classification over the labeled scenarios using a
Gaussian Naive Bayes classifier is implemented, each sim-
ulation parameter gets posterior distributions for the labels
zero and one. The expected values of the simulation pa-
rameters are then derived from the means of these poste-
rior distributions. As the optimal values of the simulation
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parameters should fall within the desired label distribu-
tions, the optimal parameter combination is obtained using
the expected values of the distributions conditioned over
label one.

5. Creating The Bayesian Model
The optimal values of the simulation parameters are in-
tegrated into the 3D UMI Model as an updated building
template. This updated model forms the Bayesian model.
Subsequently, the Bayesian model is simulated, and the
monthly simulation results are compared to metered data
to evaluate the optimization performance.

Case Study
The dormitory area of Özyeğin University campus in Is-
tanbul was selected as the sample district. There are six
dormitory buildings in this area Figure 2. Two energy au-
dit reports from 2014 and 2020, which contain essential in-
formation about the energy performance of the dormitory
buildings, were used to identify and characterize buildings
in the building template. The dormitory buildings have
similar building properties and energy consumption pat-
terns. Therefore, a single archetype, named Dormitory,
was created to represent all the buildings in the dynamic
model. To create building geometries, polygons represent-
ing the building footprints in the district on the map were
initially drawn in Yandex Map Constructor. These foot-
prints were then saved as a map layer and exported as a
GEOJSON file. Subsequently, this file was processed in
the UBEM.io tool, in which a GIS interface ensured that
the buildings were located in valid coordinates and that the
footprints were not overlapping. Building heights were in-
corporated into UBEM.io to finalize the geometric model.
There are multiple weather stations near campus. The
hourly weather data between September 2018 and Septem-
ber 2023 were obtained from the Turkish State Meteo-
rological Service (TSMS) from the nearest station to the
campus. This data includes temperature, relative humid-
ity, dew point temperature, wind direction and speed, sun
exposure intensity, global solar radiation, and total precip-
itation at the hourly resolution within the given years. Af-
ter obtaining three major components of UMI, a dynamic
model of the district was established.
The metered data obtained from the campus energy man-
agement department includes natural gas and electricity
consumption. This data forms the study’s validation data.
The dynamic model created via UMI considers several
end-uses when determining the operational energy con-
sumption of the dormitory buildings. Among these end-
uses, cooling, equipment use, and lighting energy are set
to be provided with electricity, whereas heating and DHW
are supplied by natural gas. The electricity and natural gas
consumption are recorded for each building at the monthly
resolution. Even if small air conditioners cool the of-
fices of the authorized dormitory personnel, it is assumed
that the dormitory buildings do not have a cooling system.
The validation data was derived from the average monthly

metered consumption data between September 2018 and
September 2023. Notably, the time intervals overlapping
with the COVID-19 pandemic significantly impacted the
energy consumption patterns of the dormitory buildings
due to the absence of occupancy. Thus, the period span-
ning March 2020 to October 2021 was excluded from the
weather and validation data.

Figure 2: 3D dormitory model in Rhino

The building properties in the energy audit reports were
processed, and the average values of the available parame-
ters were used to characterize the archetype in the dynamic
model. Table 1 shows the details of the essential param-
eters of the dynamic model. The dormitory buildings on
the campus have similar characteristics. Y1, Y2, Y3, and
Y4/5 buildings were built in 2012, whereas Y6 and GH
were built in 2019. Hence, there is a small variation in
the envelope properties of the dormitory buildings. Some
parameters could not be obtained from the energy audit
reports, such as infiltration rate, equipment power density
(EPD), lighting power density (LPD), and DHW flow rate.
There needs to be prior knowledge about the possible value
ranges for these parameters. Thus, these parameters were
assumed to hold the most uncertainty among the parame-
ter space of the dynamic model and were selected for opti-
mization. In addition, the heating set point was manually
selected for optimization since this parameter can drasti-
cally affect the intensity of the zone conditioning and the
resulting energy consumption.
The unit of the infiltration rate is the air change per hour
(ACH), which denotes the ratio of the inside air volume
replaced by the outside air due to the natural leakages
on the building surface. The air leakage from the build-
ing surfaces is expected to be low in the campus build-
ings since dormitory buildings are constructed after 2012.
Therefore, the upper limit of the infiltration rate was set
to 0.5, where the minimum was 0.1. Similarly, an upper
and lower limits were determined for EPD (Deru et al.,
2011) (Mahajan et al., 2017) (Chang and Crawley, 2018),
LPD (Deru et al., 2011) (ASHRAE., 2020), andDHWflow
rate (Deru et al., 2011) (Murakawa et al., 2005) (Pérez-
Lombard et al., 2008) using the literature. Overall, five
parameters were chosen for optimization. The average val-
ues detected from the literature and the energy audit re-
ports formed the input of the BaselineModel. The possible
value ranges for these simulation parameters are outlined
in Table 2. Five distinct values were generated for each
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Table 1: Simulation parameters of the dynamic model

Parameter
Name

Unit Prior
Knowledge

Wall
U-Value

W/m2/K Available

Roof
U-Value

W/m2/K Available

Ground
U-Value

W/m2/K Available

Window
U-Value

W/m2/K Available

Occupant
Density

people/m2 Available

Heating
and

Cooling
Set Points

Degree
Celsius

Available

Heating
COP

% Available

Infiltration ACH Not
Available

EPD W/m2 Not
Available

LPD W/m2 Not
Available

DHW
Flow
Rate

m3/h/m2 Not
Available

simulation parameter within the minimum and maximum
bounds from Table 2 with equal intervals. This resulted
in a total of 3125 parameter combinations. These diverse
combinations were simulated in UMI. Monthly simulation
errors against the metered data were then calculated us-
ing CV-RMSE (Equation 1) and MAPE (Equation 2) met-
rics. The metered data for monthly natural gas and elec-
tricity consumption are available for the dormitory build-
ings. However, for the sake of simplicity in the calibration
process, the total operational energy (TOE) use intensi-
ties in kWh/m2, representing the TOE over the gross floor
area of the dormitory buildings, were utilized to compute
scenario errors against the metered data. These scenarios
were categorized according to their error, with those ex-
hibiting an error smaller than 15% of CV-RMSE labeled
as one, and zero otherwise.
Lastly, a simplified Bayesian optimization approach classi-
fied these scenarios by employing a Gaussian Naive Bayes
classifier. The classifier determined posterior probabil-

ity distributions for scenario labels based on a likelihood
function derived from the simulation parameter combina-
tions. Maximum likelihood estimation determined opti-
mal distribution parameters (mean and standard deviation)
for each conditional probability distribution. The expected
values of simulation parameters were then obtained from
the mean of the posterior distributions. The combina-
tion of these simulation parameters formed the Bayesian
Model. Subsequently, UMI simulations were performed
once more for the Bayesian Model.

Table 2: Optimization ranges for the selected parameters

Parameter Baseline
Value

Min.
Value

Max.
Value

Infiltration 0.30 0.10 0.50
Heating
Set Point

21.50 20.00 23.00

EPD 7.50 5.00 10.00
LPD 6.00 3.00 9.00
DHWFlow
Rate

2.55E-
04

7.09E-
05

7.09E-
04

Results and Discussion
The optimal values for the simulation parameter were de-
termined as the means of the posterior distributions for
label one (Table 3). The new scenario with the optimal
simulation parameters formed the BayesianModel. A fun-
damental way to detect the optimal scenario combination
is to select the scenario with the least CV-RMSE manu-
ally. The manually selected parameter combination with
the least CV-RMSE was named the Deterministic Model.
According to Table 4, the Deterministic Model decreased
the simulation CV-RMSE of the Baseline Model by nearly
60%, whereas the Bayesian Model decreased the baseline
error by around 45%. Even though the deterministic cali-
bration seems to provide the optimal parameter combina-
tion with the least simulation error, this can be deceptive.

Table 3: Parameter combinations of different models

Parameter Baseline Deterministic Bayesian

DHWFlow
Rate

3.90E-
04

5.49E-
04

6.11E-
04

EPD 7.50 5.00 7.41

Heating
Set Point

21.50 21.50 20.93

Infiltration 0.30 0.40 0.39

LPD 6.00 3.00 5.77

Let us recall that the simulation parameters were calibrated
based on a single target end-use, TOE use intensity. TOE
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provides an aggregated energy use as it is the summa-
tion of electricity and natural gas consumption values. Ta-
ble 5 and Table 6 demonstrate detailed error comparisons
of the calibrated model based on the monthly CV-RMSE
and MAPE values. According to Table 5 and Table 6, it
is evident that the Bayesian Model achieved a more bal-
anced error distribution between electricity and natural
gas. Specifically, the combined average CV-RMSE for
electricity and natural gas is 0.267 for the BayesianModel,
compared to 0.318 for theDeterministicModel. This supe-
rior performance of the Bayesian Model can be attributed
to its detailed parameter combination. As illustrated in Ta-
ble 3, the simulation parameters of the Bayesian model
exhibit distinct values, unlike the predetermined values
within optimization ranges provided in Table 2. The like-
lihoods in the Gaussian Naive Bayes classifier enabled the
determination of more precise parameter values. Conse-
quently, these refined values contributed to a more stable
and accurate electricity and natural gas consumption sim-
ulation at the monthly resolution. Therefore, the proposed
Bayesian calibration is more robust than the deterministic
calibration.

Table 4: Monthly simulation errors of different models

Model CV-RMSE MAPE

Baseline 0.196 0.149

Deterministic 0.080 0.069

Bayesian 0.107 0.101

The efficiency of the proposed Bayesian calibration can
be further enhanced when considering the limitations of
the Gaussian Naive Bayes classifier. This classifier re-
lies on the naive assumption that simulation parameters
are conditionally independent, which may not be entirely
true in all cases. The correlation between these parameters
can significantly impact the resultant energy consumption.
Therefore, modeling the Bayesian likelihood in Equation 4
as a multivariate probability distribution, where the simu-
lation parameters are considered conditionally dependent,
could yield more reliable calibration results.

Table 5: Monthly CV-RMSE comparison of the calibrated
models based on different end-uses

Model TOE Electricity Natural
Gas

Deterministic 0.080 0.478 0.159

Bayesian 0.107 0.277 0.257

TheGaussianNaive Bayes classifier also assumes that sim-
ulation parameters follow a Gaussian distribution with a
single mean and variance. However, in reality, nonlinear
relationships may exist between between the simulation
parameters and the resultant energy consumption. Utiliz-

ing non-parametric models would enable the detection of
these nonlinear patterns in the actual probability distribu-
tions of the simulation parameters.

Table 6: Monthly MAPE comparison of the calibrated models
based on different end-uses

Model TOE Electricity Natural
Gas

Deterministic 0.069 0.466 0.260

Bayesian 0.101 0.156 0.295

Most parameter combinations were considered undesir-
able scenarios based on their simulation results. Figure 4
shows that almost 90% of the scenarios have more than
15% of CV-RMSE. This caused an imbalanced distribu-
tion in the target variable with 2774 zeros and only 351
ones. When the model was trained using these observa-
tions, the learning process predominantly focused on the
majority class (zeros) rather than the minority class (ones).
Therefore, the model tended to classify scenarios as be-
longing to the majority class. According to Figure 3, the
Gaussian Naive Bayes classifier accurately predicted 94%
of the zero-labeled, while it only correctly predicted 71%
of the one-labeled observations. The imbalanced distribu-
tion of the zeros and ones in the target variable induced
the classifier to struggle to identify which simulation pa-
rameter influences the scenario result and to what extent.
Handling such imbalanced data can drastically improve the
classification performance and the calibration results.

Figure 3: Confusion Matrix for Gaussian Naive Bayes Classifier

Conclusions
Bayesian optimization is widely used to calibrate build-
ing energy models. It involves surrogate modeling to re-
duce computational complexity since the dynamic models
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Figure 4: Probability Density Function for the CV-RMSE of the TOE

require extensive simulation time. However, the variabil-
ity in building morphology and energy consumption pat-
terns complicates surrogate modeling at the urban scale.
This study proposes a simplifiedBayesian optimization ap-
proach to calibrating building energy models at the district
and urban scales while retaining dynamic modeling. The
proposed approach introduces a novel framework for the
parametric optimization of district-building energy mod-
els by filtering and reducing the parameter space to en-
hance the efficiency of the optimization process.

The proposed approach minimizes computational de-
mands for optimizing dynamic models while ensuring re-
liability by leveraging Bayesian decision theory. Based on
the monthly simulation errors, the methodology starts by
labeling scenarios with varying combinations of the sim-
ulation parameters as either desired or undesired. Sub-
sequently, a binary classifier is employed to categorize
these scenarios. To achieve this, the Bayesian likelihoods
are modeled as Gaussian probability distribution, with the
simulation parameters being conditionally independent.
Once the optimal distribution parameters (mean and stan-
dard deviation) are determined using the maximum likeli-
hood estimation based on the scenario errors, the expected
values of the simulation parameters obtained from the
probability distributions constitute the Bayesian Model.
This allows for acquiringmore detailed and reasonable val-
ues of the simulation parameters without the need for ex-
haustive dynamic simulations. A case study implemented
over a dormitory area on a university campus demonstrated
the proposed approach’s effectiveness. Here, the Bayesian
Model significantly reduced the monthly simulation CV-
RMSE of TOE for the Baseline Model by around 45%
while also delivering balanced and accurate monthly sim-
ulation results for the dormitory buildings’ electricity and
natural gas consumption.

The approach’s ability to derive optimal parameter combi-
nations from labeled scenarios offers a practical solution
for optimizing dynamic energy models. Urban planners
can utilize it to enhance the accuracy of the district build-
ing energy models and reduce the energy consumption of
the building stocks after testing various energy-efficiency
scenarios. A possible future work of this study is to focus
on integrating more robust classification models that in-
volve correlations between the simulation parameters and
the non-linear patterns in their probability distributions.
Another future work can be overcoming the imbalanced
label distribution in the target variable to improve the clas-
sification performance and the probabilistic calibration.
Moreover, classifying scenarios based on natural gas and
electricity consumption rather than TOE can help detect
seasonal variations in building energy consumption pat-
terns and identify essential parameters affecting seasonal
building energy demand.
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Abstract
Passivhaus has been gradually adopted worldwide as the
main voluntary building performance standard. While nu-
merous governmental policies and environmental initia-
tives have promoted the use of low-carbon housing in the
UK, the value of Passivhaus has not been fully realised.
This paper focuses on UK Passivhaus homes through the
perceptions of end-users living in large-scale develop-
ments. Case studies are used to obtain feedback on the
buildings’ performance in the use phase via questionnaire.
All surveyed Passivhaus properties were perceived to be
very comfortable during the winter, autumn and spring
seasons; however, residents were less satisfied with ther-
mal comfort in the summer. This suggests that the standard
needs to continuously evolve to address occupant needs.
Digital tools can play a role to achieve this. The study con-
cludes a BIM-based process for post occupancy evaluation
to overcome heating and thermal discomfort issues.

Introduction
Being responsible for 19% of total greenhouse gas emis-
sions and over 25% of total energy consumption in the UK,
decarbonisation of the building sector, especially housing,
is crucial in meeting UK’s overarching climate targets (UK
Housing, 2019). To achieve this, the UK government over
past 10 years announced a transition towards zero-carbon
buildings and launched the Code for Sustainable Homes
policy to assess, certify and promote zero-carbon sustain-
able design and construction in new buildings (McLeod
et al., 2012). However, with the subsequent ‘watering-
down’ of the zero-carbon legislation and eventual with-
drawal of the Code for Sustainable Homes in 2015, the
UK construction industry has started to debate the valid-
ity of the zero-carbon concept as a realistic target (Lynch,
2014). There has been an ongoing debate amongst Archi-
tecture Engineering and Construction (AEC) profession-
als as to how best to address significant carbon reductions,
rather than zero- carbon in construction, and whether to
deal with materials, fabric, or occupant behaviour. Un-
like the net zero-carbon housing policy which primarily
focuses on carbon emissions and offsetting by using in-
tensive renewable energy, the Passivhaus standard con-
centrates on user comfort and conserving energy through
a thermally-efficient fabric, passive solar design, airtight-
ness, thermal-bridge-free construction and use ofMechan-
ical Ventilation and Heat Recovery (MVHR).
Several studies have indicated that the Passivhaus standard
performs considerably better compared to both conven-
tional and low-carbon housing in the UK (8, 9, 10) and
its delivery and adoption in the industry have been lim-
ited to approximately 124 units a year, which is 0.07% of

170,000 new-build homes annually constructed in the UK
(Ministry of Housing, 2020). Factors suggest that slow
Passivhaus standard uptake could be a result of the general
private housing sector’s reluctance to innovate and adopt
energy-efficient home standards (Goodchild andWalshaw,
2011). Concerns with the Passivhaus standard such as its
complexity and higher build costs as well as issues regard-
ing excessive insulation, overheating, MVHR and neces-
sary lifestyle changes as a hindrance to its delivery at scale
are also factors affecting the adoption (Forde et al., 2020),
(Zhao and Carter, 2020), (Pitts, 2017). Hence while there
is a public aptitude for low-carbon housing, the construc-
tion sector has been not responsive to such needs.
This paper aims to investigate the contemporary drivers of
and barriers to delivering the Passivhaus standard in the
UK from the user perspective, covering both primary and
secondary data. This is achieved through (a) analysing
three distinct large-scale residential Passivhaus develop-
ments and comparing their occupant experiences, and (b)
examining Passivhaus occupants’ behavioural patterns and
identifying habits/factors that influenced perceived ther-
mal comfort through targeted post occupancy evaluations
(POE). The study also proposes a BIM-based intelligent
post occupancy evaluation model as a future direction.

Research method
The study adopts quantitative research by conducting a
questionnaire through case studies. A total of 174 prop-
erties across three different passive house developments
are included. Quantitative research in the form of POE
was employed as it allowed to gathering of firm, factual
data on how the completed Passivhaus buildings were be-
ing operated and provided a ‘snapshot’ of its users’ expe-
rience and satisfaction at this particular time (Fellows and
Liu, 2021). This is vital as the research is trying to iden-
tify trends and themes from a variety of cross-comparable
accounts (Lucas and Lucas, 2016). POEs have become the
preferred industry method to monitor in-use building per-
formance and assess energy performance and air quality
as well as collect feedback on thermal comfort, space use,
and overall user satisfaction (Meir et al., 2009). The ques-
tionnaire was prepared following guidelines from the Post
Occupancy Evaluation Toolkit (HEFCE, 2006) as well as
specific POE examples (Mlecnik, 2013a). The POE was
divided into seven sections including (1) background, (2)
occupancy, building type, and use, (3) thermal comfort,
(4) energy use, (5) building services and ventilation, (6)
air quality and behavioural patterns, and (7) overall im-
pressions. The questionnaire was comprised of 38 ques-
tions in total. Most questions were either a checkbox or
multiple-choice; however, a 5-point Likert rating scale was
also utilized in questions relating to user satisfaction, per-
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ceived thermal comfort, air quality, and energy-savings.
POEs were collected between September and December
2019 through door-to-door canvassing, postal surveys as
well as invited online questionnaires. A total number of
49 POEs were cumulatively collected across the three case
studies. Within the scope of this study due to the space
limitation, the focus will be on the thermal comfort and be-
havioural change, living standard improvement and overall
satisfaction.
Collected POE questionnaires were then imported into sta-
tistical software, Statistical Package for the Social Sciences
(SPSS), for further quantitative analysis. Each POE ques-
tion and the collected answer was correspondingly coded
into either a nominal, ordinal or scale variables and anal-
ysed to find frequencies, associations and correlations be-
tween the answers. Firstly, the analysis was run on nominal
demographic variables such as age, gender, tenure, house
type, etc. to identify reoccurring occupant and household
types, which were then compared to determine if they pre-
sented differences regarding comfort, energy savings and
satisfaction. The analysis was then conducted on occu-
pants’ motivations to live in a Passivhaus property. Lastly,
collected data were examined to determine perceived be-
havioural change, living standard improvement and overall
satisfaction with the properties across the case studies. As
the majority of collected data was nominal, not normally
distributed, and the sample size was fairly limited, non-
parametric statistical methods had to be used (George and
Mallery, 2019). Therefore, depending on the level of mea-
surement, the collected data were analysed using either a
crosstabulation test to determine the association; Mann-
Whitney U-test to compare differences between indepen-
dent groups; or Spearman rank-order correlation to mea-
sure the relationship between different variables (George
and Mallery, 2019). Particular attention was given to or-
dinal Likert scale questions asking occupants to rate their
satisfaction with a particular aspect of their Passivhaus
dwellings such as thermal comfort.

Case studies
Three case studies of the main large-scale residential Pas-
sivhaus developments in the UK were conducted to anal-
yse their inception, delivery, and real-life occupancy. The
case study methodology was selected for the research as
it enabled practical analysis of a broad phenomenon such
as Passivhaus standard integration in the UK, which oth-
erwise would have been difficult to examine (Feagin et al.,
2016). Investigations by Robert K. Yin highlighted case
studies can ‘shed empirical light on some theoretical con-
cepts or principles’ (Yin, 2009). Just as a laboratory exper-
iment, instead of trying to extrapolate empirical probabil-
ities (statistical generalisation), it allows us to investigate,
expand and generalise existing theories (analytical gener-
alisation), e.g., living in a Passivhaus affects occupants’
behaviour and perceived comfort (Yin, 2009).
Passivhaus case studies were chosen based on their scale,
time of construction, location as well as type of tenure,

thus aiming to acquire currently lacking typological data
identified by the literature review. The Forgebank project
in Lancaster was chosen as a case study because it is cur-
rently the only certified Passivhaus cohousing project in
the UK, hence providing a unique insight into energy use
and behavioural patterns in a highly interactive and social
co-housing environment. Racecourse Estate project was
chosen because of its specialised design for occupants with
mobility needs as well as for having the best co-heating test
results among all monitored Passivhaus dwellings in the
UK. Finally, the Goldsmith Street project in Norwich was
chosen because it is the biggest Passivhaus development in
the UK to date as well as the only Passivhaus and social-
housing project ever to win the Royal Institute Building
Architects (RIBA) Stirling Prize 2019 for excellence in ar-
chitecture. Besides, all three case studies were chosen so
they would differ from each other in terms of their loca-
tion, size, completion date, and tenure, therefore allowing
us to examine the Passivhaus standard under varying con-
ditions.

Case study 1: Forgebank Co-housing

Forgebank Co-housing is a 41-dwelling affordable com-
munity housing project in Halton, Lancaster built in 2013.
The project comprises a range of house types ranging
from flats to two and three-bedroom terraces. 35 of these
dwellings are within the co-housing scheme with shared
community facilities. All dwellings in the project were
designed to Passivhaus, Lifetime Homes and Code for
Sustainable Homes level 6 standards (Passivhaus Trust,
2020). At the time of its construction, Forgebank was the
second-largest Passivhaus development in the UK and it
still is the largest and only Passivhaus cohousing project in
the UK. The development went beyond the fabric perfor-
mance requirements of the Passivhaus standard. It utilised
a biomass district heating system, solar thermal network
as well a community micro-grid powered by the hydro-
electric scheme and photovoltaic panel array mounted on
most dwellings’ roofs (Lancaster Cohousing, 2020). A
review of the building performance evaluation (BPE) re-
vealed that energy-performance aspirations and the Pas-
sivhaus methodology were adopted early in the project
and Passive House Planning Package (PHPP) software was
used to model and test different design options while an
airtightness champion was appointed by the contractor to
overlook air-barrier installation and air pressure tests (In-
novate UK, 2016). Overall, the dwellings were built to a
very high standard and performed exceptionally well in co-
heating tests, thus practically eliminating the energy per-
formance gap (Lancaster Cohousing Project, 2013).

Case study 2: Racecourse Estate

Racecourse Estate is a 28-bungalow housing development
for elderly residents with mobility needs built in 2011 as
part of a wider Racecourse Estate regeneration masterplan
aiming to replace old housing stock with 4,000 sustainable
new dwellings - comprised of 25 terraced (Passivhaus cer-
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tified and CfSH level 4), and 3 detached bungalows (CfSH
level 5) designed specifically for mobility-impaired ten-
ants (Technology Strategy Board, 2014). At the time of
its completion in 2011, Racecourse Estate was the largest
Passivhaus development in the UK and currently is still the
largest Passivhaus development in the North East of Eng-
land (Passivhaus Trust, 2013). Each house was designed to
have an open-plan living and kitchen area, two bedrooms
and a mezzanine floor which functioned both as plant roof
and loft space, with a total floor area of 66 m2. External
walls and roofs were constructed using prefabricated tim-
ber cassettes filled with high levels of insulation, while the
ground floor was built using a traditional reinforced con-
crete slab with 300mm insulation and a screed above, with
several good areas of practice during construction includ-
ing careful detailing, fixing damaged areas and use of ap-
propriate gaskets and putty to seal any gaps in service pen-
etrations (Technology Strategy Board, 2014). Moreover,
very close collaboration between the project architect and
the contractor was observed throughout the project with
numerous training events and workshops to ensure on-site
construction met raised airtightness and quality targets.

Case study 3: Goldsmith Street
Goldsmith Street is a large social housing scheme built in
Norwich city as part of a city council’s wider corporate
plan to address increasing social housing needs and tackle
fuel poverty (Priest, 2019). The development is comprised
of 105 units: 45 two-bed terraces and 60 one-bed flats, and
arranged in seven terrace blocks laid out east-to-west em-
ulating the Victorian street layout of the adjacent ‘Golden
Triangle’ district (Waite, 2019). In 2019 the Goldsmith
Street development was nominated and won the RIBA’s
Stirling Prize for excellence in architecture becoming
both the first Passivhaus and social housing project ever
to win such an accolade (Passivhaus Trust, 2019). More-
over, with 105 housing units, Goldsmith Street became
the largest Passivhaus scheme in the UK to date (Figure 1).

Figure 1: Goldsmith Passivhaus Development, image by
http://www.mikhailriches.com/

Unlike many projects of such scale, the project was de-
livered through a traditional procurement route which
in hindsight allowed the architects to have better con-

trol of the build quality, value engineering and retain-
ing the project’s initial design aspirations (Waite, 2019).
Throughout the project, the design of the buildings took
priority: special attention and care were taken to ensure the
Passivhaus standard was working for the design rather than
the design becoming subservient to make the Passivhaus
work (Greengauge, 2020).

Results of Post Occupancy Evaluations
Post-occupancy evaluations were conducted in three dif-
ferent Passivhaus developments varying in their scale, lo-
cation, typology and ownership (Table 1).

Table 1: House types identified across the case studies

Case House
Type

Construc-
tion Type

Forgebank,
Halton
[Co-

housing]

Terrace,
End-of-
terrace,
Flat

Masonry
cavity

Race-
course
Estate,

Houghton-
le-Spring
[Afford-
able

housing]

Terrace,
End-of-
terrace,
Semi-
detached

Timber
frame

Goldsmith
Street,

Norwich
[Social
housing]

Terrace,
End-of-
terrace,
Flat

Timber
frame

Thermal comfort and heating control behaviour
Collected POE data indicated that all surveyed Passivhaus
properties were perceived to be very comfortable during
the winter, autumn and spring seasons; however, residents
were less satisfied with thermal comfort in the summer
months. Overall 22% identified they were either less or
not pleased with indoor temperatures during the summer
season, referring to overheating as the main issue. Con-
cerning heating, SPSS analysis revealed there were some
notable differences between the case studies in terms of
heating control behaviour and devices used to control in-
door temperature.
A comparison of winter heating patterns (Figure 2) high-
lighted that Goldsmith Street had the most habitual resi-
dents. They were likely to have the heating on at a prede-
termined time of day, i.e. mornings and evenings. In con-
trast, Forgebank occupants could be considered the most
‘reactive’- typically heating their properties only when felt
needed. Racecourse Estate residents, on the other hand,
were found to be the most energy-conserving, over half of
which indicated never needing to have the heating on in
their properties.
In terms of heating control and ventilation devices (Fig-
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Figure 2: Comparison of winter heating patterns by users across the different case studies

Figure 3: Comparison of winter heating patterns by users across the different case studies

ure 3), collected data indicated that Forgebank and Gold-
smith St. residents were still heavily reliant on a conven-
tional central heating system (used by >80% of respon-
dents), in contrast to Racecourse Estate were only 44.4%
of end-users reported needing the central heating. That
said, Racecourse Estate inhabitants were also found to be
the most likely to need a portable cooler to prevent sum-
mer overheating, as opposed to Forgebank and Goldsmith
St. residents which indicated a much lower need for cool-
ing. All case studies indicated a high use of MVHR and
operable windows. Yet, notably, fewer Racecourse resi-
dents reported using solar shading, which might explain
the summer overheating and need for additional cooling.

Living preferences, lifestyle and overall satisfaction

The last section of the POE research focused on occupants’
general perceptions, overall satisfaction and changes to
daily lifestyle. Firstly, research participants were asked
to identify three main reasons why they chose to live in
their Passivhaus property. Radar charts (Figure 4) showed
that ‘sustainability’ was ranked to be the top priority for
choosing to live in a Passivhaus across all three case stud-
ies (71%). Other top reasons were found to be ‘house
type’(47%) and ‘house price’ (43%) while ‘community’
was ranked as a top priority in the Forgebank development.
Research participants were then asked if living in a Pas-

sivhaus has caused a change towards a more sustainable
way of life. Collected data revealed that the majority of
occupants (41 out of 49) believed living in a Passivhaus
has influenced them to adopt a more sustainable lifestyle
with 33% of participants reporting a significant change,
49% reportingmoderate change and 18% reporting a slight
but noticeable change. In terms of overall satisfaction with
Passivhaus buildings, collected POE data highlighted that
surveyed residents were exceptionally pleased with their
homes across all three case studies. Approximately 94%
of all participants said they were satisfied or very satis-
fied with their homes, 6% were neither satisfied nor dis-
satisfied, and there were no occupants who were dissat-
isfied with their homes. Furthermore, 65% of residents
reported that living in a Passivhaus has significantly im-
proved their living standard, 33% identified amoderate im-
provement, and 2% found that living in a Passivhaus has
not affected their standard of living. In retrospect, 98%
of surveyed end-users reported they would recommend it
to their friends and family as well as choose to live in a
Passivhaus home again if given the opportunity.

Summary of the results

Post-occupancy evaluation data and subsequent SPSS
analysis revealed there were significant differences be-
tween the case studies in terms of their occupant demo-
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Figure 4: Residents’ preferences for Passivhaus elements from the three different case studies

graphics, household types, occupancy and heating patterns
as well as heating and cooling strategies. Nonetheless, the
SPSS analysis also indicated many commonalities and re-
occurring patterns between the case studies regarding ther-
mal comfort and overall satisfaction.
Examined POE data revealed that Passivhaus dwellings
across all three case studies were found to be exception-
ally comfortable during the winter, autumn and spring sea-
sons. However, all three case studies were also found to
have consistently lower thermal satisfaction in the summer
months due to reported overheating. Out of the case stud-
ies, Racecourse Estate was found to have the lowest sum-
mer comfort satisfaction with a mean value of (µ = 3.33).
Such results confirm previous study findings on the Race-
course Estate, where substantial overheating was recorded
(Siddall et al., 2014), (Fletcher et al., 2017). In terms
of overall satisfaction, collected POEs indicated that very
high user satisfaction was reported across all three case
studies despite significant differences between the Pas-

sivhaus properties. The vast majority of residents identi-
fied being either satisfied or very satisfied with Passivhaus
thermal comfort, energy savings, building services, air
quality as well as the overall effect it had on their standard
of living.
Such high levels of reported occupant satisfaction confirm
previous Passivhaus research findings from both Conti-
nental Europe (Cutland, 2012), (Mlecnik, 2013b) as well
as the UK (Siddall et al., 2014) where Passivhaus prop-
erties were found to be exceptionally comfortable and
energy-efficient.

Proposed POE model
Questionnaire results reveal that a more structured POE
process is needed to monitor the Passivhaus performance
during the occupancy. POE is not structured and not linked
to the characteristics of BIM in the design phase. Materials
used and the impact of building materials such as conduc-
tivity and location etc. are not evaluated during the use
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Figure 5: BIM-based intelligent post occupancy evaluation model

phase of the building life cycle.
BIM and other intelligent technologies can help adjust the
optimum indoor comfort and energy use as well as iden-
tify the related problems based on the actual data for the
occupants. Passive houses are very specific and have spe-
cial features and details, the data should be reflected in the
BIM models.
Within the scope of this study, a conceptual attempt was
made due to the lack of passive house and BIM data. En-
richment of the BIM model and passive house is possible
using the parameters such as building type, thermal com-
fort, energy use and cost etc. Based on the available data
within the BIMmodel, for example, scale and location can
be mapped easily while air quality and energy use can-
not be easily integrated until data is available after several
years of building occupation. As a baseline, the proposed
model is expected to be used enriched for future research
and provide solid results. Figure 5 presents a BIM-based
intelligent post occupancy evaluation model.
Towards a more digitalised built environment, to facilitate

the adoption of Passivehaus, and improvement of design
decisions and consequently user satisfaction, automated
and smart solutions should be utilised. A prototype sen-
sor visualisation platform can be designed to connect in-
use performance data to BIM context data to provide ac-
tionable advice for landlords and tenants for minimising
repair and maintenance activities. This is mainly because
assets do not perform as well as they should when built by
comparison to the design phase (Lewry, 2015). Such vari-
ations have increased the appetite for carrying out post oc-
cupancy evaluation asmentioned in this paper for normally
built domestic and commercial assets, however, this is not
necessarily the case in the passive house due to the strict
air tightness regulations and conditions. This study has re-
vealed that there are still issues associated with important
aspects such as the 6 factorsmentioned in themodel, which
are not always integrated with a user-driven feedback pro-
cess for better building operations for passive buildings.
Application programme interfaces (API) could be linked
into the system to provide further insight into the condi-
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tions that affect housing assets. The measurement of light
levels requires further investigation to acknowledge tenant
behaviour patterns such as only requiring light at certain
times for certain activities (Rogage et al., 2020). In this
case, APIs could record simple temperatures, and since the
data could be used over time within passive house proper-
ties to influence thermal comfort levels, this can prevent
issues such as overheating. The data centres could be con-
nected to thermal satisfaction interfaces which could be
modified every day depending on the rating given by the
occupant on a sliding scale. Thus, over time an optimised
model can be developed by feeding this data back into the
BIM model specifically designed for asset management of
passive houses. Furthermore, the development of artificial
intelligence (AI) is a huge potential for programming such
processes to take into account occupancy feedback within
the building to reduce consumption even more.

Conclusion
This study aimed to analyse the Passivhaus standard in the
UK in its present condition through current occupant ex-
periences and discuss the future direction via the proposed
POE model. Forty-nine post-occupancy evaluations con-
ducted in three separate case studies across the UK re-
vealed that occupants were generally very pleased with
their Passivhaus dwellings. Residents reported high lev-
els of satisfaction with both internal thermal comfort and
perceived impact on health. In general, research results
were consistent with previous literature findings and the
hypothesis that the Passivhaus methodology can deliver
highly comfortable homes and substantial energy and car-
bon savings regardless of the building’s location, occu-
pancy or construction. Participants believed that the Pas-
sivhaus standard had the potential to evolve to form a foun-
dation for amore robust sustainable housing policy and im-
provement in understanding occupant behaviour currently
lacking in the industry. The findings also highlight there
has been a significant lack of longitudinal research and
POE of Passivhaus properties over a long period to in-
vestigate the longevity of its thermal properties as well as
the evolvement of end-user experience. Therefore, up-to-
date research investigating the current construction indus-
try’s perceptions of the standard as well as revisiting oc-
cupant experience in large-scale Passivhaus properties to
gain deeper understanding is needed over the long term as
we move towards ever more stringent low-carbon targets,
through more automated and digital solutions.
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Abstract
Urban planners and energy policymakers increasingly fo-
cus on sustainable urban development and the challenges
of analyzing complex urban energy systems. Current mod-
els often lack the integration of diverse urban datasets
and do not adequately address the dynamic nature of ur-
ban energy demands. This study proposes a data-driven
framework that involves data collection and preprocess-
ing, building archetypes, machine learning modeling, and
parametric simulation. The novel contribution of this re-
search lies in defining the scope, processes, information,
data, and relationships for the ontology of urban build-
ing energy modeling, employing a graph-based approach
for complex data integration. The proposed methodology
is tested in residential buildings in Dublin City to exam-
ine and compare the modeling results. The study con-
cludes that the proposed model offers a more comprehen-
sive and adaptable approach to urban energy analysis com-
pared to traditional methods. Furthermore, the study helps
stakeholders by providing a scalable and flexible modeling
framework for urban energy analysis.

Introduction
In the era of rapid urbanization, sustainable development
in cities has become a crucial global challenge. The Euro-
pean Union has established a robust legislative framework
to enhance sustainable planning and improve the energy
performance of buildings. This framework is underpinned
by two key directives, the Energy Performance of Build-
ings Directive EU/2010/31 and the Energy Efficiency Di-
rective EU/2023/1791, both revised in 2023. These direc-
tives lead EU member states to adopt policies that aim to
achieve a highly energy-efficient and decarbonized build-
ing stock by 2050 (EU-Energy, 2023).
Efficient and sustainable urban environments are critical
for identifying scalable energy conservation strategies. A
promising approach involves analyzing building energy
performance data at an urban scale using a data-driven ap-
proach. However, the available urban data are often sparse,
inconsistent, and lacking in diversity and heterogeneity.
Despite these challenges, the last few decades have seen
significant advancements in data-driven modeling, partic-
ularly in using sparse data to predict and estimate build-
ing energy usage. Nevertheless, a gap remains in these
studies, primarily due to their focus on prediction and es-
timation without adequately integrating complex, multidi-
mensional data sets. Therefore, a more comprehensive ap-
proach is essential for integrating complex urban building

energy dynamics data to improve urban-scale modeling.
Urban planners and energy policymakers increasingly fo-
cus on the complexities of urban energy systems, driven
by the crucial need to balance environmental sustainabil-
ity with the growing energy demands of expanding urban
populations. However, there is a lack of comprehensive
models that effectively integrate diverse urban data sets to
analyze urban energy systems. Current approaches often
fail to address the dynamic and complex nature of urban
energy demands. There is a growing recognition of the
gap in the literature, where traditional models are insuffi-
cient to capture multifaceted interactions within urban en-
vironments. This gap necessitates a novel approach that
can holistically encapsulate the intricate energy dynamics
of cities.
This study introduces an innovative data-driven framework
for urban building energy modeling, taking advantage of
ontology and graph-based approaches. The ontology pro-
vides a structured representation of domain knowledge, al-
lowing a clearer definition of concepts, attributes, and rela-
tionships (Poveda-Villalón et al., 2022; Curry et al., 2013;
Hoare et al., 2022). Combining the ontology with a graph
database enables creating of a comprehensive knowledge
representation system that can efficiently handle diverse
and interconnected data, promoting a more holistic under-
standing of urban energy systems.
Ontology and graph-based techniques are widely used
in the field of Building Information Modeling (BIM),
linked building data, urban planning, and energy manage-
ment (Pritoni et al., 2021; Terkaj et al., 2017; Costin and
Pauwels, 2022; Li et al., 2019). Kapsalis et al. (2022)
use a graph analysis approach to efficiently query and an-
alyze energy efficiency certificates. Wu et al. (2021) pro-
pose an ontology modeling solution for managing decen-
tralized data for household energy systems. Van Dam and
Keirstead (2010) initialize a model of an urban energy sys-
tem built on an ontology using energy transformation. Wu
et al. (2022) propose an ontology-based framework that
can integrate data to build energy simulations from differ-
ent data sources in the Operation Phase. Baumgärtel et al.
(2014) used an ontology framework to assess the appli-
cation of building performance regulations in design and
operation. Daneshfar et al. (2022) proposed an ontology
to represent geospatial data to support building renova-
tion to collect data in IFC and CityGML format. Zadeh
et al. (2019) developed a hybrid information infrastructure
by integrating building design data in ifcXML format and
3D neighborhood models in CityGML format. Shi et al.
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(2023) proposed a methodology based on ontology to cre-
ate a digital twin city information model by integrating
BIM, GIS, and IoT technologies. However, existing stud-
ies focus mainly on urban building energy management
and building information modeling, but more research is
needed in the field of urban building energy modeling.
Furthermore, available urban building energy models typ-
ically do not emphasize data integration, flexibility, scala-
bility, and performance, which are critical to adapting and
managing the complexities of urban energy systems.
The novelty of this research lies in defining the scope, pro-
cesses, information, data, and relationships for an urban
building energy modeling ontology. The application of
such an ontology uses a graph-based approach to assim-
ilate and analyze complex urban energy data, enabling a
more holistic understanding of urban energy dynamics.
Furthermore, the framework enriches the predicted ma-
chine learning-based data of complex energy modelling
scenarios, an aspect rarely explored in existing studies.
This integration allows integration of diverse datasets,
ranging from building stock to energy consumption pat-
terns, and fosters a deeper understanding of the interde-
pendent factors that influence urban energy systems. This
study aims to offer a more comprehensive and adaptable
approach to urban energy analysis, surpassing the limita-
tions of traditional methods.
The article is organized as follows: Section 2 provides a
detailed discussion of the methodology devised for urban
energy modeling of residential buildings. Section 3 dis-
cusses the case study of Irish building stock. Finally, con-
clusions are discussed in Section 4.

Methodology
Modeling the energy performance of buildings on a large
urban scale presents a formidable challenge for urban plan-
ners and policymakers. Accurate prediction of energy con-
sumption and identification of energy efficiency opportu-
nities are essential to promote the sustainable development
of cities.
Therefore, this study proposes a framework for modeling
the energy performance of buildings on an urban scale,
which begins with the development of an ontology and its
implementation in a graph database. This lays the founda-

tional framework for representing and analyzing the com-
plex interrelations of urban energy performance (Figure 1).
The process involves comprehensive data collection and
preprocessing to gather and refine building-related data.
Subsequently, building archetypes are developed to define
representative models of buildings, capturing the diversity
of the urban built environment. These archetypes serve
as the basis for parametric simulations, exploring the en-
ergy performance under various scenarios and conditions
and generating a synthetic dataset for analysis. Machine
learning models are then employed to predict energy per-
formance across the urban scale, leveraging the insights
gained from synthetic and real-world data to identify op-
portunities for energy efficiency improvements. Finally,
this structured approach facilitates querying and data anal-
ysis, providing a detailed understanding of urban building
energy performance. This holistic approach integrates so-
phisticated data analysis and modeling techniques to offer
actionable insights for promoting sustainable urban devel-
opment.

Urban Building Energy Modeling Processes

The proposed ontology for urban building energy mod-
eling includes building archetypes and parametric sim-
ulation data, which are used to generate synthetic data
(Figure 3). Ontology also incorporates machine learn-
ing modeling results, focusing on predicting the en-
ergy performance of buildings based on their respec-
tive archetypes. The proposed ontology includes entities
such as BuildingArchetypes, BuildingParameters, Con-
structionTemplates, EnergyUsage, and MLPredictedEner-
gyPerformance. As a result, this interconnected data en-
richment creates a robust platform for urban modeling.
This improves understanding of the energy dynamics of
urban buildings and enables the development of targeted
strategies to improve energy efficiency. The proposed on-
tology mapping on desired scenarios requires data collec-
tion and preprocessing, archetype development, paramet-
ric simulation, and machine learning modeling processes.
These processes are designed to map complex urban data
and scenarios from existing buildings onto ontologies and
predict building energy performance.

Figure 1: Methodology for data-driven graph-based urban building energy modeling
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Figure 2: A conceptual view of the integration of existing ontologies with an urban building energy modeling ontology with required
entities

Graph Database Development
A graph database is developed to efficiently manage and
store complex interconnected data. This database enables
the representation of relationships between various data
points, such as the link between building types and en-
ergy usage patterns, facilitating more detailed analysis and
insights (Curry et al., 2013; Zhu et al., 2022). The com-
monly used graph databases are Neo4j, Amazon Neptune,
and OrientDB. A graphical representation of the complex
graph model can be presented using the ontology (Hoare
et al., 2022).
Ontology refers to a structured representation of knowl-
edge that defines concepts, relationships, and properties
within a specific domain, such as urban energy systems
(Costin and Pauwels, 2022). These ontologies are rep-
resented using the Web Ontology Language (OWL). The
proposed ontology for urban building energymodeling has
been developed by integrating existing ontologies into the
building domain, such as the Building Information Ontol-
ogy, Building Topology Ontology, Weather Ontology, and
Dynamic District InformationModel Ontology (Figure 2).
Building Information Ontology (BIO) provides a range
of defined classes, axioms, and data types for reuse, in-
cluding Building, BuildingElement, and BuildingParame-
ter (TUWien, 2024a). Building TopologyOntology (BOT)
is a minimal ontology to describe the core topological con-
cepts of a building (Rasmussen et al., 2021). To repre-
sent weather-related information for a location, the spe-
cific Weather Ontology (WO) provides reusable patterns
and terms (TUWien, 2024b). The Dynamic District Infor-
mation Model (DDIM) offers a national-scale digital twin
for domestic building stock, complete with geographic in-
formation (Hoare et al., 2022).

Data Collection
The ontology creation step starts with collecting avail-
able raw homogeneous data sources, including building
energy performance certificate (EPC) data, geographic
data, census information, GIS, and weather data. These
data are gathered from various sources, including national
databases and urban planning departments. The data are

carefully selected to ensure relevance and accuracy for ur-
ban energy modeling.

Data Preprocessing
Once collected, the data undergo a rigorous pre-processing
phase. This process involves cleaning the data and han-
dlingmissing values to ensure consistency. Pre-processing
also includes categorizing buildings based on characteris-
tics such as age, region, and type of usage, which is crucial
for developing accurate building archetypes. The prepro-
cessed data are mapped to existing BIO, BOT, DDIM, and
WO, further supporting the urban building energy ontol-
ogy.

Building Archetypes Development
Building archetypes are developed to represent different
categories of buildings with similar characteristics within
the urban scale. Each building archetype serves as a core
entity (ubem:BuildingArchetypes) for graph-based inte-
gration of urban buildings and requires specified features,
such as geometry, layout, construction materials, insula-
tion levels, and typical energy use patterns. These data can
be extracted from existing ontologies, namely the BOT and
the BIO. Similarly, the DDIM ontology provides all the ge-
ographical information for the building archetype. These
archetypes serve as foundational elements for a parametric
simulation framework that models energy performance in
various types of buildings. In addition, these archetypes
are essential for urban modeling because they encapsulate
common building characteristics that can be used to gen-
eralize energy performance assessments.

Parameters Simulation
Parametric simulation generates synthetic data to simu-
late various energy consumption and performance sce-
narios to find the optimal solution, especially when a
sparse data set is available for energy modeling (Ali et al.,
2024). Parametric simulation uses developed archetypes
and also sources data from the weather ontology for sim-
ulation. It stores all input and output results in a graph-
based structure using building parameters (ubem:Build-
ingParameters), Construction (ubem:ConstructionTem-
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Figure 3: Graph structure for urban building energy modeling for residential building stock

plates), and the energy usage (ubem:EnergyUsage) entity.
(ubem:ParamtericSimulation) entity estimates are deter-
mined using thermal modeling to assess heating, lighting,
and water demands, and employing an energy simulation
engine to evaluate the overall energy performance of the
building under different conditions. A parametric tool per-
forms numerous simulations using a simulationmodel (Ali
et al., 2024) to perform complex parametric simulations in-
volving multiple parameters. In this paper, JEPlus serves
as a parametric tool for energy simulations. Additionally,
JEPlus uses EnergyPlus for simulations, integrating vari-
ous parameter values together with weather data and con-
struction templates. However, due to the complex nature of
the numerous parameters involved, generating simulated
data for all parameters becomes nearly impossible. There-
fore, synthetic data are generated using sampling methods
such as Simple Random Sampling (SRS) and Latin Hyper-
cube Sampling (LHS). These methods help generate the
desired sample data that includes combinations of all pa-
rameters. Parametrically simulated data produce synthetic
data sets stored back in the graph database and then used
as input for developing machine learning models.

Machine Learning Modeling
Data-driven Machine-Learning (ML) models have been
designed to enrich the predicted results for urban energy
use scenarios in graph databases. The workflow involves
formulating regression ML models to store predicted re-
sults in the energy performance entity of the building,
specifically in terms of Energy Use Intensity (EUI) and
energy rating. The model is trained using the data stored
in the graph database. Generally, the models developed

include the process of splitting data into training and test-
ing sets, followed by the application of regression algo-
rithms based on performance indices (Ali et al., 2024).
These models are continuously refined to improve accu-
racy and adaptability to evolving urban dynamics. Fur-
thermore, the models predict the intricate characteristics
of buildings on an urban scale and store these predicted
data in a graph database using ubem:MLPredictedEner-
gyPerformance entity for further analysis. The enrichment
of ML-based building energy performance in graph-based
databases offers dynamic, context-aware insights, signif-
icantly enhancing the precision and relevance of urban
building energy modeling.

Query Engine
Developing a query engine enables efficient retrieval and
data analysis from the graph database developed based
on the proposed ontology. This engine supports complex
queries, allowing users to extract specific insights, such as
determining the influence of particular building character-
istics on energy consumption or identifying potential areas
for energy efficiency improvements. The most common
graph database query languages are Cypher, GraphQL,
and SPARQL (Kapsalis et al., 2022; Zhu et al., 2022;
Hoare et al., 2022). Cypher is one of the most widely
used query languages for graph databases, especially in the
context of Neo4j. GraphQL is a query language primarily
designed for APIs, but it can also be employed to query
data from graph databases. On the other hand, SPARQL
is a query language specifically used for querying RDF
(Resource Description Framework) data. The proposed
ontology, coupled with graph-based integration for urban
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Table 1: Data requirements and associated data sources for Dublin graph-based database
Ontology Prefix Irish Data Source Publisher
Building Information Ontology bio Irish EPC (BER) Database SEAI
Weather Ontology wo Dublin EPW File EnergyPlus
Building Topology Ontology bot Construction Templates,

GeoIntel
An Post/ Ordnance Survey, De-
signBuilder

Dynamic District Information
Model

ddim GeoDirectory, Irish Census
database

An Post/ Ordnance Survey Ire-
land, Central Statistics Office

Urban Building Energy Model-
ing

ubem Irish GIS database Central Statistics Office

building energy modeling, can be further examined using
a query engine based on data integration, flexibility, scala-
bility, and performance. This study examines the query en-
gine with andwithout machine learning-based data enrich-
ment for estimating urban building energy performance.

Figure 4: Visual graph representation of relationship complex
urban building energy modeling for Dublin city

Urban Energy Performance Analysis
Finally, the methodology culminates in a comprehensive
analysis of urban energy performance. This involves using
the models and tools developed to evaluate and interpret
buildings’ energy efficiency and the overall energy dynam-
ics of the urban area. Graphical or GIS-based modeling
results can be integrated into the analysis using data stored
in the DDIM ontology for geographical information. The
analysis provides valuable information on current perfor-
mance levels and identifies opportunities for optimization
and improvement.
The study aims to provide a robust and comprehensive
framework for urban building energy modeling, provid-
ing a deeper understanding of urban energy dynamics and
paving the way for more sustainable urban development.

Case Study
The primary objective of this case study is to test the pro-
posed methodology on the residential building stock of
Dublin, Ireland. This study demonstrates the effective-
ness of an ontology-driven approach in the management
and analysis of complex urban building data. The applica-
tion of this data-driven framework to buildings in Dublin
has revealed significant insights into the dynamics of urban

energy. Adopting an ontology-driven methodology sup-
ported by Neo4j graph database technology transforms the
management and analysis of Dublin’s residential building
stock. Furthermore, this study helps in detail urban energy
insights through a more structured, interconnected, and ef-
ficient data framework than conventional approaches.

Irish Graph Database Development
This study uses a Neo4j graph database to implement
the proposed urban building energy modeling ontology.
Neo4j efficiently stores nodes and relationships, signif-
icantly streamlining complex data management. Using
Neo4j’s capabilities, the study effectively represents and
interlinks various urban data. The interconnected data
enables comprehensive analysis of urban energy, facili-
tating the identification of patterns and insights that are
difficult to identify with traditional methods due to com-
plex relationships and interdependencies at an urban scale.
The graph-based structure of Neo4j also allows high-
performance querying and data retrieval, making it an
ideal platform for handling complex queries essential for
comprehensive urban energy modeling and analysis.
Gathering data on an urban scale for a building stock is a
challenging task, as individual building information is of-
ten limited and sparse. The data collection process for this
study involved acquiring raw building data from multiple
sources to map them to the proposed or existing ontology.
The case study includes data such as building energy per-
formance certificates, building geographical data, census
information, GIS, and weather data (Table 1).
In Ireland, the data set for EPC (also known as the Building
Energy Rating (BER) certificate) of Irish residential stock
represents a comprehensive measurement of the building
stock, which includes more than 200 characteristics of the
buildings. These characteristics include the building fab-
ric, heating systems, estimated end use, CO2 emissions,
and estimated delivered and primary energy consumption.
The Irish EPC dataset contained approximately 1.1 mil-
lion residential buildings, with a substantial number of
building ratings that fall within the C1 to D2 range (SEAI,
2023). EPC data assists in retrieving building-related data
for archetype development, based on building topology
and building information ontology requirements.
The Irish census provides spatial data on various scales and
the number of buildings in each geographic area, such as
small areas (neighborhoods), and counties (CSO, 2022).
Furthermore, the GeoDirectory database, updated by An
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Post (Irish Postal Service) and Ordnance Survey Ireland,
offers statistical and geographical information on the en-
tire Irish building stock. The Q2 2023 GeoDirectory re-
port includes geocoded addresses of 2.1 million residential
buildings (GeoDirectory, 2023; OSI, 2023). This study
focuses on Dublin City, and the EPC data is available
only for about 54% of the residential building stock in
Dublin City. GeoDirectory is a useful resource for ur-
ban energy modeling and is required for the DDIM On-
tology to analyze geographical aspects of modeling re-
sults. Furthermore, Dublin weather data is used to evaluate
the impact of weather conditions on energy performance
based on weather ontology requirements. This study in-
tegrates sparse and heterogeneous urban building data us-
ing a graph-based approach. Then, machine learning al-
gorithms are applied to this integrated data set to predict
the energy rating of the remaining 46% building stock.

After the initial data collection process, all data undergo a
rigorous preprocessing phase. This phase involves clean-
ing the data and addressing missing values to ensure con-
sistency. The preprocessed data mapped to the ontology
are then used to create a Neo4j graph-based database. This
step is crucial as it involves removing all irrelevant data and
including only relevant data, which is essential to improve
the performance of the query engine and the execution of
complex queries for urban-scale modeling. For example,
the Irish EPC database contains more than 200 features,
and this process selects important features for building en-
ergy modeling based on existing studies (Ali et al., 2024).

This study uses parametrically simulated data compris-
ing 1 million entries, generated using four residential
archetypes such as semi-detached, detached, terraced, and
bungalow. These archetypes were developed using avail-
able Irish building data based on data requirements of BIO,
BOT, and DIMM ontologies. These parametric simulated
data are created using DesignBuilder construction tem-
plates for building parameter mapping. Parametric data
are stored in Neo4j and are further used for data-driven
machine-learning modeling to predict the energy perfor-
mance of urban buildings. Neo4j’s graph database struc-
ture allows for the seamless integration of diverse Dublin
data sources, providing a more comprehensive view of
urban energy systems compared to traditional data ap-
proaches. Neo4j can help improve the generation of mod-
els for energy performance for urban buildings due to the
richness of data and relationships available in the graph.
The data are then partitioned into two subsets to create
training and testing datasets, employing a cross-validation
algorithm. These data sets were trained and evaluated us-
ing regression models (eXtreme Gradient Boosting) pro-
posed in the existing study (Ali et al., 2024). Finally, the
machine learning-based enrichment results are compared
with those of traditional simple queries for building anal-
ysis.

Figure 5: A complex query that finds buildings in small areas
within Dublin County with an energy performance greater than

300 kWh/m²/yr EUI.

Dublin Energy Performance Analysis
The results show that the Neo4j graph-based database ef-
ficiently manages and stores complex data using the pro-
posed ontology for Dublin, demonstrating its interoper-
ability in combining various formats, including spatial and
building energy data. The database stores data, including
parametric simulated pre-processed data and predicted en-
ergy performance data for buildings based on their respec-
tive archetypes in Dublin (Figure 4). These interconnected
data sets establish a robust foundation for urban model-
ing, deepening our understanding of the energy dynam-
ics within urban buildings. Furthermore, the graph-based
database developed for Dublin buildings exhibits sufficient
scalability and flexibility, making it suitable for handling
large and complex datasets. This accommodates the ever-
evolving nature of urban energy systems and supports var-
ious urban planning scenarios.
The Cypher query offers a valuable tool for urban studies,
specifically in the context of energy consumption within
building infrastructures. For instance, the Cypher query
helps to analyze energy efficiency within Dublin County’s
building infrastructure by identifying buildings with high
energy use intensity, specifically those with a median en-
ergy performance above 300 kWh/m²/yr EUI (Figure 5).
Similarly, the Cypher query can help with urban energy
modeling in Neo4j, which is a vital tool input for the sim-
ulation of building energy performance within an urban
context (Figure 6). The query gets the building parameters
from BuildingParameter nodes and inputs them to Simula-
tion nodes. With these parameters, the query sets the stage
for parametric simulations that calculate energy perfor-
mance metrics such as Energy Use Intensity (EUI), heat-
ing, lighting, and water usage. This process enables the
detailed examination of building performances and facili-
tates a broader analysis of urban energy consumption pat-
terns. The ability to dynamically adjust and simulate var-
ious building parameters provides a data-driven approach
for stakeholders.
The developed graph can also help with the breakdown of
buildings according to their Energy Rating from ”A1” to
”G.” (Figure 7) The results showed a diverse range of en-
ergy efficiencies among the buildings, with the count of
buildings for each energy rating varying significantly. The
highest number of buildings fell into the ”C2” rating, with
24,539 buildings indicating moderate energy efficiency. In
contrast, the ”A1” rating has the fewest buildings, with
only 1,380, signifying the highest energy efficiency. Other
notable findings include many buildings in the ”D1” and
”C3” ratings, with 24,307 and 23,252 buildings, respec-
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tively. This distribution highlights the poor energy effi-
ciency in buildings across Dublin, providing insights into
the current state of energy performance and potential areas
for improvement in building energy standards.

Figure 6: A complex query that get building parameters for
parametric simulation for energy performance calculation

Figure 7: A cyhper query show the distribution of predicted
building energy ratings in Dublin

Finally, the developed graph database allows stakehold-
ers to formulate targeted strategies to improve energy ef-
ficiency in Dublin, including existing and predicted data,
for use in future analysis. Cypher graph queries are used to
analyze data within the database, enabling complex analy-
sis. The results can be visualized on a GIS map, highlight-
ing buildings with poor energy performance in a specific
Dublin county area, based on Cypher graph queries (Fig-
ure 8). This visualization helps decision-makers identify
key areas for energy efficiency improvements and informs
policy decisions to promote sustainability and reduce en-
ergy consumption in the region. Moreover, the flexibility
of the database in handling various data formats, including
spatial and building energy data, enhances its utility for
comprehensive urban planning and energy management
initiatives.

Conclusions
This study underscores the growing importance of sus-
tainable urban development and the need for an advanced
framework to analyze complex spare urban energy data.
The motivation behind this research was to address the

Figure 8: Visual map of buildings with poor energy
performance in a specific Dublin county area based on cypher

graph query

limitations of current models, which often need help inte-
grating diverse urban data sets and addressing the dynamic
nature of urban energy demands.
The key contributions of this research lie in develop-
ing a novel data-driven framework. This framework,
which encompasses data collection, preprocessing, build-
ing archetypes, parametric simulation, and machine learn-
ing modeling, leads to the creation of a graph database
with ontology and query engine. This approach enables
a more holistic understanding of urban energy dynamics
while accommodating diverse datasets. An ontology for
urban building energy modeling facilitates the integration
of complex urban energy data, ultimately offering a more
comprehensive and adaptable approach to urban energy
analysis compared to traditional methods. This study em-
powers various stakeholders to analyze and predict com-
plex energy scenarios, thus supporting the creation ofmore
sustainable and energy-efficient urban environments.
The application of the proposed framework could be ex-
panded to include commercial buildings and energy sup-
pliers to assess its applicability and effectiveness in di-
verse contexts. In general, this research lays the foundation
for future advancements in sustainable urban development
and energy policy, offering a promising direction for fur-
ther exploration and innovation in this critical area.
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Abstract 

The climate change represents an opportunity to 
revolutionize the urban planning paradigms, turning the 
role of the cities from massive producers of carbon 
emissions and pollution into a more sustainable built 
environment through the exploitation of renewable energy 
sources. In this transition solar energy plays a key role. In 
this regard, the novel contribution of this work is twofold: 
i) providing an interoperability approach for a preliminary
version of the solar cadaster for the municipality of
Trondheim (Norway), located at high latitude; ii)
exploiting the use of the solar cadaster to identify the most
usable rooftop areas for solar systems’ installations and as
supportive instrument for public and private stakeholders
to facilitate decision-making for urban energy planning.

Introduction 

The revolution of the urban planning paradigms emerges 
as one of the challenges posed by the climate change. 
Cities, recognized as significant contributors to carbon 
emissions and pollutants, should evolve into more 
sustainable environments. In the energy field, this leads to 
active engagement by policymakers in exploring the 
urban potential for energy generation from renewable 
energy sources (RES). Reducing dependency on fossil 
fuels by optimizing the utilization of RES enables 
municipalities to mitigate the carbon footprint associated 
with their energy consumption (Chatzigeorgiou & 
Martinopoulos, 2023). Advanced and innovative 
technology solutions for RES exploitation contribute to 
this aim. In that regard, comprehensive and interactive 
urban energy planning platforms can facilitate the 
implementation of similar strategies within the built 
environment (Desthieux & Thebault, 2024). In fact, such 
platforms are designed to empower private and public 
stakeholders with the necessary insights for informed and 
timely decision-making. Particularly, instruments for 
urban energy planning which focus on solar energy 
potential (i.e., solar cadasters) can boost the adoption of 
active solar systems, either applied or integrated into the 
building envelope (i.e., roofs and facades) (Manni et al., 
2023). Solar cadasters facilitate users in quantifying the 
solar irradiation impinging on urban surfaces (i.e., roofs, 
facades, and ground), enabling them to identify the most 
suitable areas for the installation of solar systems. 
However, integrating such instruments into the territorial 
database requires addressing issues related to 

interoperability of software performing specific tasks 
such as geometry reconstruction, solar modelling, 
outcomes post-processing, and data visualization (Manni 
et al., 2023). 
The hereby study investigates the preliminary application 
of the solar cadaster developed by Desthieux et al. 
(Desthieux et al., 2018) to high-latitude locations, with a 
focus on the municipality of Trondheim, Norway. The 
Web platform developed in Geneva (https://apps.sitg-

lab.ch/solaire/) showcases the solar cadaster to a wide 
public audience and related energy and economic 
indicators by buildings. Although locations at latitude 
greater than 60°N have traditionally been assumed to 
receive low solar irradiation, recent studies have pointed 
out that these areas show only slight differences from 
Continental Europe in terms of annual solar energy 
potential (Formolli et al., 2021, 2023). 
This study aims to investigate interoperability between 
software for handling CityGML files (i.e., open-source 
3D city modeling format that enables the representation, 
storage, and exchange of virtual city model) and those for 
territorial data processing, such as ArcGIS Pro, for 
managing 2D/3D vector and raster data. By implementing 
a platform for urban solar energy planning in Trondheim 
municipality, this work emphasizes the significance of 
incorporating solar energy potential data into territorial 
regulatory instruments.  
The literature mentions several examples of solar maps 
(Bieda & Cienciała, 2021; Fish & Calvert, 2016; Kanters 
et al., 2014). Some of them are also published on web 
platforms such as the Oslo Solkart (https://od2.pbe.oslo.k 

ommune.no/solkart/) and the Norwegian Solkart (https://s 

olkart.no/search). These two examples represent the most 
recent web platforms, developed at high latitudes, in 
Norway. The reviews reveal the following gaps. For 
example, the solar cadasters implemented by Saretta et al. 
(Saretta et al., 2020) and Jurasz et al. (Jurasz et al., 2020) 
for the Swiss territory and Poland, respectively, are unable 
to visualize the usable area on roofs for PV installation. 
This consists of the portion of the roofs’ areas more 
suitable for PV installations, excluding other service 
plants (e.g., chimney, storage/service equipment, 
swimming pool) and architectural elements (e.g., 
windows, overhanging parts) as well as poorly irradiated 
areas (i.e., shaded parts of the roof, unsuitable roofs' 
surfaces exposures and orientation). Current solar 
cadasters usually consider the entire roof area as equally 
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useful (i.e., having the same solar energy potential level). 
However, to increase the reliability of the estimations, it 
is necessary to distinguish between area of the roof and 
usable area, as in London (Steadman et al., 2020) and 
Geneva (Desthieux et al., 2018) solar cadasters. There are 
very few studies and platforms providing estimations of 
the usable area, and none of them is developed for high-
latitude applications. By examining the diverse web 
platforms, different levels of detail can be identified 
concerning the visualization of solar energy potential on 
the roofs. Among those, the most common two levels of 
visualization (LOV) are bidimensional (2D) exploiting 
either a solid (LOV1) or a gradient pattern (LOV2). The 
LOV1, which is the most common, corresponds to the 
lowest level of detail, and it associates a unique solar 
potential value with each roof slope. Conversely, the 
LOV2 enables visualizing the spatial variation of the solar 
energy potential with a color gradient. The level of 
visualization of this pattern strongly depends on the 
accuracy of the geometrical model. Solar cadasters with 
such level of visualization can show shadow cast from 
surrounding buildings as well as architectural and service 
plants elements of the roof (Amaro Silva et al., 2022), 
picturing the usable areas for installation of active solar 
systems. The Web platform of the solar cadaster of 
Geneva offers the LOV2 of visualization detail 
(Desthieux & Thebault, 2024). 
Following the highlighted research gaps, the present study 
aims to investigate limitations and opportunities to 
improve the calculation and the visualization of the solar 
energy in the urban context, with a specific emphasis on 
high latitudes (Formolli et al., 2023). Identifying the 
available area for calculating the solar potential for a high 
latitude case study can be very valuable for advancing the 
research as there are still no studies with this level of 
detail. 

Methods and materials 

Case study selection 

Three neighborhoods representative of low-, medium-, 
and high-density built areas in the city of Trondheim (N 
63° 25' 41"), are selected as case studies to test the solar 
cadaster approach as introduced in Geneva. Their main 
characteristics are presented below in the Table 1 with the 
extension (m2), the constructed volume (m3), the built 
density, derived from the two previous values, and the 
normalized value of the density. 
Table 1: List of the selected neighborhoods and information on 

their area and density 

Neighborhood 
area [m2] 

Buildings 
volume [m3] 

Density 
[m2/m3] 

Normalized 
values 

a 
b 
c 

13662.12 
31098.13 
17665.09 

5967.94 
4361.58 
2170.61 

2.29 
7.13 
8.14 

0.19 
0.60 
0.68 

Besides the density, these neighborhoods differ in terms 
of their morphological characteristics and functions 
(Figure 1). The neighborhood (a) consists of a residential 
area with mostly two-story single-family detached 
houses, each with its private garden (i.e., high inter-
building distances). Neighborhood (b) is also residential, 
but its houses are larger and taller compared to those in 
neighborhood (a). Gardens and courtyards are 
characterized by limited dimensions, thus increasing the 
risk of mutual shading between adjacent buildings. 
Finally, the neighborhood (c) is part of the downtown, and 
its buildings show a compact layout with small inner 
courtyards. In this area, stores open onto the ground level, 
while residential apartments are situated on upper floors. 

Figure 1: Selected neighborhood (source: Google Earth). 

a) Pappenheim (low density), b) Rosenborg (medium density),

c) Sentrum (high density).

Workflow 

The workflow for the preliminary application of the solar 
cadaster platform developed by Desthieux et al. 
(Desthieux et al., 2018), at high-latitude locations, is 
outlined in Figure 2.  
The solar model, encoded in JAVA, serves as the 
simulation engine, and constitutes the core of the 
workflow. Running it requires meteorological and 
geometrical input data. The meteorological input data are 
retrieved through the Meteonorm software version 7.3 
(https://meteonorm.com/) provides statistical weather 
data representative of the period from 1990 to 2010 for a 
given location. Hourly data are averaged by month to 
shorten the dataset from 8,760 to 288 values. The 
geometrical input data consist of (i) digital surface model 
(DSM) of the analyzed neighborhoods for shadow 
casting, and the calculation slope and aspect on the area, 
(ii) the Shapefile containing 2D representation of
buildings that provide an identifier and geometric data for
each building, and (iii) the 3D model of the
neighborhoods in CityGML format generated through the
automated reconstruction technique from Kong and Fan
(Kong & Fan, 2024). These are processed in ArcGIS Pro
environment. Once the preparation of the input file is
finalized, the solar simulation engine is started. The solar
model is based on algorithms encoded in JAVA for the
calculation of hourly, monthly, and yearly solar
irradiation impinging on the studied area. The results are
stored in Tag Image File (.TIF) format and can be
visualized in ArcGIS Pro, utilizing various color gradients
to represent the corresponding solar energy potential.
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Figure 2: Workflow of the methodology developed in this study. 

Following this, outputs from the solar model are post-
processed to extract irradiation results on the roofs and 
identify the most suitable area on each roof for the 
installation of solar panels. Such an area consists of 
optimally exposed portions of the roof where there are no 
obstructions such as chimneys, roof windows, services, 
and machinery, hindering the installation of solar panels. 
Optimal exposition to solar irradiation is defined 
according to the threshold values identified for high 
latitudes in Lobaccaro et al. (Lobaccaro et al., 2019). Here 
in particular, the solar energy potential of any surface is 
labelled as ‘very high’ when the global tilted irradiation is 

greater than 880 kWh/m2/yr; while it is classified as ‘high’ 
for global tilted irradiance amounts higher than 660 
kWh/m2/yr and lower than 880 kWh/m2/yr. The range of 
low, medium, high, and very high solar irradiation is 
calculated based on the annual solar irradiation values for 
each surface, which are imported into 3D modelling 
software. The annual solar irradiation values are divided 
into five categories, for high latitudes: very low (0-220 
kWh/m²/year), low (220-440 kWh/m²/year), medium 
(440-660 kWh/m²/year), high (660-880 kWh/m²/year), 
and very high (880-1.100 kWh/m²/year). These categories 
are determined based on the average values of solar 
irradiation in the middle point of each building's roof 
surface. 
This part of the process (i.e., identification and 
classification of the most suitable area of the roof for solar 
panel installation), is conducting using a Python script. It 
represents a propaedeutic step for estimating the 
productivity of a potential PV system installed in the 
optimally irradiated portion of the roof. 
The workflow is articulated and fragmented due to the 
utilization of different software and codifications, and it 
requires a high level of interoperability to integrate 
various type of information (i.e., meteorological, 
geometrical, and territorial vector and raster data) and 
data from different sources (e.g., HOYDEDATA.NO 
https://hoydedata.no/LaserInnsyn2/). This highlights the 
interdisciplinary and multi software domain of this 
research.  
For this study, neighborhoods with an area ranging from 
0.014 km2 to 0.018 km2 were selected to reduce the 
computational time for the solar analyses, compared to the 
whole city territory (340 km2). Here the required time is 
represented by the time that the operator needs to 
manually perform the pre-processing tasks (T1-T2-T3). 
For each neighborhood, this can be estimated in 20 to 30 
minutes. Considering the whole city of Trondheim, after 
the pre-processing time, needed for the selection of the 
different tiles, a total of around 50 hours are needed for 
the calculation of the solar potential results.  

Pre-processing: preparation of input data for the 

solar modelling 

Weather data are retrieved through Meteonorm software 
by choosing the nearest available weather station to the 
center of the city of Trondheim. The data are collected by 
the meteorological station at Værnes airport, located 35 
km outside of the Trondheim municipality. The weather 
data file includes information about month of the year, 
hour of the day, global horizontal irradiation (Gh), diffuse 
horizontal irradiation (Dh), beam normal irradiation (Bn), 
and extraterrestrial irradiation (I0). As mentioned in the 
workflow section, the solar analysis is conducted 
considering the average hourly values by month, rather 
than analyzing all days of the year (288 datapoints instead 
of 8,760). This permits to reduce both computational time 
and Central Processing Unit (CPU) requirements. The 
weather data is stored in a CVS format file. The other 

737



input data for initializing the solar model is related to the 
neighborhood geometry. 
DSM, Slope, and Aspect. The DSM data of the studied 
area is provided by The Norwegian Mapping Authority 
HOYDEDATA.NO in .TIF format with one-meter spatial 
resolution. The three case study neighborhoods are 
extracted from the Trondheim DSM file. Edge dimension 
of the three clipping masks range from 220 m to 420 m. 
To create the new DSM (i.e., the clipped DSM file of the 
investigated neighborhood), slope, and aspect files 
ArcGIS tools are used. The raster pre-processing outputs 
are stored in .TIF format: the DSM file has the pixel type 
of 32-bit float, and both slope and aspect files have a pixel 
type of 16-bit signed. 
Building Shapefile. This is a two-dimensional file 
containing the building layouts of the city of Trondheim. 
It is retrieved from the national territorial database 
GEONORGE (FKB-Buildings Dataset, https://kartkatal 

og.geonorge.no/metadata/fkb-bygning/8b4304ea-4fb0-4 

79c-a24d-fa225e2c6e97), and it contains information 
about the identifier for each building (i.e., LOKALID). 
The building shapefile of Trondheim is also clipped to 
isolate the three neighborhood case studies. 
CityGML file. A Level of Detail 2 (LoD2) building model 
for the urban area of Trondheim is created through two 
main steps: (1) roof plane segmentation from building 
point clouds conducted by LIDAR airborne plane survey 
and (2) roof line topology-based building model creation 
in LoD2. A deep learning-based method (Zhang & Fan, 
2022) was applied to automatically segment the building 
point clouds into roof planes. The obtained roof plane 
information served as the basis for reconstructing 3D roof 
structures and subsequently creating building models. In 
the second step, the LoD2 building models were created 
using roof line topologies (Kong & Fan, 2024). This 
process brought to the automatic reconstruction of 
building models in LoD2 for the Trondheim urban area. 
A file in CityGML format was exported from this model, 
containing three-dimensional information of the 
buildings. Using the FME software, it is divided into two 
separate outputs: one for buildings and another for roofs. 
In this study, only the second file (concerning the roofs) 
is considered. This was used as the geometric basis of the 
subsequent solar analyses. 
Other studies developed in Europe (Adjiski et al., 2023) 
and in Asia (Dahal et al., 2021) use similar approaches for 
creating the geometrical models from LiDAR data as well 
as for identifying the best exposed portions of the roof 
through Geographic Information System (GIS) tools. 

Elaboration: solar radiation modelling on the studied 

area 

The JAVA-based solar model is initialized with the files 
described in the previous section. Additionally, 
information concerning the geolocation of the case studies 
(i.e., longitude, area of the studied zone, DSM resolution) 
is manually set, allowing for a more accurate estimation 
of the global tilted irradiation. It processes hourly solar 

radiation for each component: direct, diffuse and 
reflection, as well as shadow casting impacting direct 
(hourly-based) and diffuse, based on Sky View Factor 
(SVF), components. The solar modelling approach is 
introduced in Desthieux et al. (Desthieux et al., 2018). 
Outcomes from the elaboration stage consist of 14 files in 
.TIF format, including a solar irradiation map for each 
month (12), the annual solar irradiation map (1), and the 
SVF map (1). These files are in a gradient form and permit 
to visualize the solar energy potential of roof and ground 
surfaces. 

Post-processing: calculations and visualization in GIS 

The annual solar irradiation map is post-processed to 
identify the most suitable areas which are available for PV 
installation. The thresholds defined in the workflow 
section are considered to extract the highly (global tilted 
irradiance within the range 660-880 kWh/m2/yr) and very 
highly (global tilted irradiance within the range 660-880 
kWh/m2/yr) irradiated portions of the roofs. Therefore, 
the potential for energy generation through PV panels is 
investigated for these areas. (Lobaccaro et al., 2019) 
For extracting the roof areas with high and very high solar 
potential, the annual solar irradiation map is multiplied by 
a clipping mask based on the roof footprints. The highly 
irradiated areas are highlighted by selecting raster pixels 
corresponding to irradiation amounts greater than 660 
kWh/m2/yr. Then, the same procedure is reiterated 
considering the threshold of 880 kWh/m2/yr for very 
highly irradiated roofs.  
Additionally, the raster pixels representing roof elements 
which can obstacle the installation of PV panels (i.e. 
ventilation systems, mechanical bodies, chimneys) are 
filtered out. A new polygon surface is created from these 
pixels and subtracted from the roof footprints, considering 
an inner buffer of 0.5 m, as the solar panels could not be 
installed in proximity of the building edges. The 
identification of the most adequate areas for PV 
installation is completed by removing from the analysis 
all the polygons with an area of less than 5 m2. These 
surfaces are deemed too small for installation of PV 
systems. Finally, the solar PV production is calculated 
considering the available and optimally exposed areas of 
the roofs, as well as the characteristics of the installed PV 
panels. In this study, the monocrystalline PV is 
considered, with a peak power of 220 Wp/m2 based on the 
most powerful models available on the market. Although 
flat roof configuration is not present in the investigated 
neighborhoods, it is worth mentioning that the potential 
PV energy production of flat roofs is quantified by 
assuming that PV panels are installed with a default 
inclination ranging from 10° to 15°. A transposition factor 
(FT) accounts for this aspect. Indeed, the use of flat roof 
configuration is becoming increasingly common at high 
latitudes, owing to the development of effective 
techniques for mitigating the accumulation of snow. 
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Results and Discussion 

Solar irradiation analysis 

Results about the estimated annual solar irradiation for the 
three case study neighborhoods resulting on the annual 
solar irradiation values range between 0 kWh/m2/yr and 
1,170 kWh/m2/yr (Figure 3).  
In neighborhood ‘a’ (low-density), most of the surfaces 
are optimally exposed to solar irradiation. In fact, the 
houses are small and far, while streets are wide, allowing 
for a better solar accessibility. In neighborhood ‘b’ 
(medium-density), the areas subject to high solar 
irradiation are fewer and limited to south-exposed roof 
slopes. In the neighborhood ‘c’ (high-density), the rooftop 
areas suitable for PV installation are minimal due to 
mutual shading among buildings. 
The results of this approach demonstrate the importance 
of conducting detailed solar analyses within urban 
environments, utilizing interoperable software. 

Determination of suitable areas for PV installation 

Solar irradiation outputs are post-processed to exclude 
parts of the roof that are either unavailable or 
characterized by global tilted irradiance lower than 660 
kWh/m2/yr. These surfaces are shown in differentiating 
between highly and very highly irradiated surfaces 
(Figure 4) (see the Methods and Materials section for the 
applied thresholds). The numerical results concerning the 
surface area are reported in Table 2. 

Table 2: Calculation of total roof areas and actual usable parts 

after the analysis 

Total roof 
area (m2) 

Available area 
with Egt > 660 

kWh/m2/yr (m2) 

Available area with 
Egt > 880 

kWh/m2/yr (m2) 

a 
b 
c 

2069.45 
2546.77 
1666.46 

1023.44 
1121.32 
688.67 

400.20 
545.37 
114.01 

Results highlight the differences that exist among the 
investigated neighborhoods in terms of solar accessibility 
and solar energy potential. When considering the area of 
highly irradiated surfaces, this ranges from 40% 
(neighborhood ‘c’) to 50% (neighborhood ‘a’) of the total 
neighborhood area in each case study. Conversely, the 
portions of roofs with a very high solar potential varies 
between 6% (neighborhood ‘c’) to 20% (neighborhood 
‘b’) of the total neighborhood area (Table 3). 

Table 3: Percentages of usable area after changing the 

minimum irradiance threshold 

% of usable area with Egt 
> 660 kWh/m2/yr

% of usable area with 
Egt > 880 kWh/m2/yr 

a 
b 
c 

49.45 % 
44.03 % 
41.33 % 

19.34 % 
21.41 % 
6.64 % 

Figure 3: Annual solar irradiation (kWh/m2/yr) calculated in 

the three neighborhoods. 
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The limited number of neighborhood case studies (3) 
prevents conducting robust correlation analysis between 
neighborhood density and the total area of available 
surfaces for PV installation. Nonetheless, it is worth 
highlighting that, among the percentages reported in 
Table 3, the lowest value is always associated to the high-
density neighborhood. 
This is due to (i) the proximity of the buildings, which 
facilitates mutual shading, and (ii) the lower ratio of the 
roof area to the total area of the building's envelope, 
resulting in a greater presence of elements installed on a 
rooftop compared to neighborhoods ‘a’ and ‘b’. 

Comparison with existing solar modeling tools 

ArcGIS geoprocessing tools such as the Raster Solar 
Radiation tool (https://pro.arcgis.com/en/pro-app/latest/t 

ool-reference/spatial-analyst/raster-solar-radiation.htm) 

allow for conducting solar analyses with shorter 
computational time. However, they require the utilization 
of other models for calibration (Choi et al., 2019; Kausika 
& van Sark, 2021). Furthermore, those methods are 
characterized by a low level of users’ customization (i.e., 
forced data inputs) of the simulation parameters, 
particularly, the temporal resolution that is fixed to one 
year. The use of more interoperable software permits to 
perform sub-yearly analysis, allowing the customization 

of input parameters such as weather data sources and time 
intervals. 
Two online platforms for the visualization of the solar 
potential of roof surfaces are already available in Norway. 
These are characterized by different spatial scales: the 
Solkart spans across the whole country, while the Oslo 
Solkart covers the Oslo municipality. A visual 
comparison of the national Solkart and the solar cadaster 
approach applied in this study is shown in Figure 5. 
There is a difference in the spatial resolution of the output 
data. The Solkart shows the solar potential of any roof 
slope as uniformly distributed, providing a single solar 
irradiance value for each surface. The Oslo Solkart has 
gradient values, but both existing Solkart neglect the 
identification of the rooftop areas suitable for PV 
installation considering the presence of obstructions or 
lower level of irradiation. The presented approach, on the 
other hand, provides a solar irradiance value for each pixel 
of the neighborhood’s raster image, presenting a 
heterogenous spatial distribution of the solar irradiation 
on any rooftop slope. The calculation of the irradiation 
value on each part of the roof made it possible to identify 
the areas that are exposed to irradiation greater than 660 
kWh/m2/yr and 880 kWh/m2/yr, highlighting the area 
available for new installations. 

Figure 4: Available roof area resulted considering Egt higher than 660 kWh/m2/yr and 880 kWh/m2/yr. 
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Figure 5: Visual comparison between the Solkart (left) and the 

solar cadaster approach from (Desthieux et al., 2018) (right), 

applied to neighborhood ‘b’ (medium density). 

Finally, while the solar analysis performed with the 
Solkart does not account for the presence of trees, the 
method developer in the solar cadaster from (Desthieux et 
al., 2018) demonstrates the capability to process shadows 
casted from urban greenery included in the DSM. 
Limitations of the study 

This research study has three main limitations. Firstly, the 
weather data retrieved from Meteonorm v7.3 are collected 
by the meteorological station at Værnes airport, located 
35 km outside of the Trondheim municipality. Indeed, this 
is the closest weather station to Trondheim which is 
available in Meteonorm database. Meteonorm was chosen 
over local weather stations to ensure a generic and easily 
replicable workflow for other case studies. Having more 
local data would allow for a more accurate analysis. 
Secondly, developing the process by implementing 
multiple software and tools allowed the results to be 
detailed, but at the same time having all the different 
working environments and code programming languages 
led to a fragmented process. The process is not automated, 
and the file recognition steps need to be filled in manually 
when switching from a software to another. Finally, only 
three case studies are considered for the calculation of the 
available roof area for PV installation. This limits the 
capability of identifying strong correlations between the 
model outputs and neighborhood density. Increasing the 
number of neighborhood case studies and expanding the 
analyses to the whole city of Trondheim can reinforce the 
conclusions drawn.  
Processing the whole city of Trondheim will require to use 
the GPU machine installed at HEPIA (Stendardo et al., 
2020), as for the solar cadaster in Geneva, which in 
particular allows to speed up the calculation of shadows 
implemented in the CUDA language.  
Processing the solar analysis of a tile with a surface area 
of 9 km2 takes approximately from one 1 to 1.5 hours. 

Therefore, analyzing the whole city of Trondheim, which 
has an area of 340 km2, would take from 50 to 55 hours, 
which is acceptable for such an area. Computational time 
could be improved through parallelization. 

Conclusions 

The solar cadaster approach developed by Desthieux et al. 
(Desthieux et al., 2018) is applied to three neighborhoods 
in Trondheim (i.e., low-, medium-, and high-density 
neighborhoods). The proposed method is at the forefront 
of interoperability between software for managing urban 
geometry models and those for processing territorial data. 
The main findings of the study concern the identification 
of the best irradiated portion of the roofs suitable for 
installing PV systems. Results demonstrate the need for 
more refined analyses compared to existing online 
platform in Norway. Achieving this level of precision 
currently requires a combination of various software and 
types of information (i.e., meteorological, geometrical, 
and territorial vector and raster data). From the social 
perspective, the proposed solar cadaster approach aligns 
with the ongoing trend toward smart and sustainable 
cities. Informing citizens and municipalities about the 
solar potential of the building stock reflects a commitment 
to harnessing affordable and user-friendly technology for 
creating more efficient, sustainable, and livable built 
environments (Xue et al., 2021). Future advancements in 
this field may concern (i) enhancing the workflow through 
automation, parallelization, and reduction of the 
fragmentation to reduce the computational time especially 
for the whole city territory; (ii) exploiting the use of the 
local data and validating the results against real 
measurements; (iii) extending the analysis to the entire 
city territory of Trondheim; and (iv) creating an accessible 
online platform (i.e., solar cadaster) at the cityscape level 
to engage public and private stakeholders and the 
interaction with the individual users. Additionally, (v) 
extending the analysis to vertical surfaces (i.e., the 
facades) by including the optical properties of materials 
and the detection of architectural elements (i.e., windows, 
doors, balconies, overhanging parts) in the calculation 
will be important to increase the level of information on 
the most irradiated parts of the facades, especially at high 
latitudes where the vertical surfaces received the annual 
highest irradiance (Formolli et al., 2023). Therefore, it 
will be necessary to progress the research about material 
detection and image recognition techniques.  
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Abstract
Building Life Cycle Assessment (LCA) is crucial to mit-
igate the environmental impact of residential retrofits.
However, a significant gap exists in evaluating the com-
plexity of building life cycles in the context of residen-
tial renovations. The proposed intelligent Knowledge Base
System methodology integrates existing building mate-
rials, stock data, typologies, and retrofit scenarios, em-
ploying a hybrid approach that combines rule-based, case-
based, and frame-based systems for comprehensive life
cycle assessment. The case study focuses on retrofitting
the semi-detached housing typology, transitioning from a
boiler to a heat pump, and results in a reduction of to-
tal carbon emissions to 184 tCO2e and 90 tCO2e over 60
years. This study aids energy policymakers, urban plan-
ners, and researchers by offering an intelligent framework
to promote eco-friendly renovations and advance sustain-
able building practices.

Introduction
Buildings are a major source of emissions, accounting for
39% of global energy-related carbon emissions, split be-
tween operational emissions (28%) and emissions from
materials and construction (11%) (WGBC, 2023). The en-
tire life cycle of a building, from material extraction to de-
molition, contributes to its carbon footprint. Emissions
are categorized into operational (from daily operations)
and embodied (from materials, construction, transporta-
tion, and demolition) (Fenner et al., 2020). Addressing
these emissions is crucial for achieving near-zero carbon
targets, requiring effective methods and strategies to as-
sess and reduce carbon emissions throughout a building
life cycle assessment (LCA).
A big challenge in applying LCA during initial design or
retrofitting is the scarcity or complexity of data (Kadrić
et al., 2023; Roberts et al., 2020). This complexity hinders
stakeholders from developing and implementing effective
retrofit measures (Zuo et al., 2017; Najjar et al., 2019).
Conducting LCAs to upgrade residential building stock is
crucial, as it allows for assessing long-term environmental
and cost impacts throughout the buildings’ lifespan, as dis-
cussed previously, and all subsequent phases. Despite the
widespread adoption and standardization of LCA method-
ologies and the growing availability of data through tools
like Environmental Product Declarations (EPD), a signif-
icant research gap still needs to be addressed. This gap
mainly lies in integrating and interpreting complex data for
specific scenarios. The complexity increases when dealing

with residential renovations, where factors such as reno-
vation type, materials used, and the building’s operational
phase add complexity (Roberts et al., 2020).
Furthermore, despite the benefits of sustainably retrofitted
buildings, key stakeholders often lack a system to generate
new knowledgewhile incorporating the entire lifecycle of a
building. This includes selecting sustainable materials and
transferring related information between stages. However,
integrating complex data across different LCA phases and
needing a flexible and scalable solution represents a signif-
icant research gap in Building LCA (Hollberg et al., 2021).
The importance of comparing different existing LCA anal-
yses of buildings has been widely acknowledged. For in-
stance, Röck et al. (2020) analyzed 238 buildings from
54 scientific articles, focusing on embodied and opera-
tional emissions. They emphasized the need for compara-
tive LCA studies due to varying energy performance stan-
dards. Previous research has concentrated on implement-
ing LCA frameworks in buildings to assess environmen-
tal impacts. Waldman et al. (2020) proposed a methodol-
ogy for assessing construction materials during the spec-
ification and procurement stages of LCA. Balouktsi et al.
(2020) explored the level of designers’ awareness of en-
vironmental performance assessments and LCA in build-
ings. A study by Sharma et al. (2011) demonstrated large
discrepancies in LCA results for 13 buildings, highlight-
ing that commercial buildings have a greater environmen-
tal impact than residential ones. Similarly, Säynäjoki et al.
(2017) reviewed 116 buildings and compared their GHG
emissions during pre-use life cycle stages, finding signifi-
cant inconsistencies in LCA results, ranging from 0.03 to
2.00 tons of CO2 eq. per m2. Data reliability and geo-
graphic relevance are crucial for accurate LCA method-
ologies across different buildings. Another challenge is the
lack of collaboration among LCA practitioners, including
designers, architects, building consultants, and engineers.
Bridging this gap and promoting collaboration is a key ob-
jective of this study.
A survey by Jusselme et al. (2020) highlighted the time-
consuming nature of LCA in the design stage, ranging
from 18 to 33 hours from data collection to result interpre-
tation. This adds to the time and cost of the process. Identi-
fying strategies for efficient LCA analysis is therefore cru-
cial. Various LCA databases, such as One Click LCA, Eco
Invent, SimaPro, and the ULSCI database, offer different
strengths and weaknesses. Each database, like Eco Invent
v3 with its 10,000 interlinked datasets, or SimaPro, suit-
able for cradle-to-grave assessments, has unique features

743



(Wernet et al., 2016). Mohammadpourkarbasi et al. (2023)
performed a comparative study of retrofit approaches for
life cycle carbon assessment of decarbonizing UK’s hard-
to-treat homes. However, integrating data from multi-
ple databases, establishing relationships, and reducing re-
dundancies and discrepancies can greatly benefit decision-
makers and stakeholders. Furthermore, studies rely on pre-
defined retrofit scenarios and require intelligent solutions
to recommend environmentally friendly retrofit scenarios
for buildings based on their requirements.
The aim of this study is to propose a methodology for an
intelligent Knowledge Base System (iKBS) for residen-
tial building LCA. The knowledge-base system integrates
and analyzes complex, various data sources using knowl-
edge acquisition, knowledge pre-processing (transform-
ing unstructured data into structured data), and knowledge
management. A novel feature of this system is knowl-
edge inference, specifically tailored to generate new pieces
of information from existing data. Furthermore, this
research compares various knowledge-based approaches,
such as rule-based, case-based, and frame-based systems
for building LCA. This comparative analysis led to the de-
velopment of a recommendation system for stakeholders
that provides deep insights into the embodied energy as-
pects of residential renovations, a critical factor in under-
standing and improving the environmental performance of
the building stock. The semi-detached housing typology
case study shows that combining various knowledge leads
to low-energy, cost-effective retrofit material recommen-
dations.
Traditional LCA methods often rely on static, linear ap-
proaches to assess the environmental impacts of build-
ing projects. These methods may not adequately cap-
ture the complexities and interdependencies inherent in
building life cycles, particularly for residential renova-
tions. They typically struggle with dynamically incorpo-
rating new data or adjusting to novel scenarios without
substantial manual intervention that accounts for updates
during the life cycle. This can lead to inaccuracies in
modeling the environmental impacts of different materi-
als, processes, and retrofit options. In contrast, iKBS of-
fers a dynamic, adaptive, and comprehensive framework
for LCA. iKBS is built upon a hybrid model that combines
the strengths of rule-based, case-based, and frame-based
reasoning to handle diverse data types and complex analy-
sis scenarios. The iKBS is capable of automating the data
acquisition, preprocessing, and analysis processes, signif-
icantly reducing the time and effort required while en-
hancing the accuracy and relevance of the assessments.
This integration allows for the sophisticated handling of
diverse data types and complex analysis scenarios, facili-
tating the assimilation and processing of vast amounts of
building material, stock data, residential typologies, and
retrofit scenarios. the proposed intelligent framework can
adapt and learn from new information, providing a more
nuanced understanding of environmental impacts and fa-
cilitating the generation of actionable recommendations

tailored to specific renovation projects.
The paper follows a structured format, with Section 2 pre-
senting the methodology employed in the research. Sec-
tion 3 examines a comprehensive Irish case study, provid-
ing real-world context for the study’s findings. Finally,
Section 4 concludes the paper and outlines potential av-
enues for future research.

Methodology
This paper presents a comprehensive methodology for
an intelligent Knowledge-based System to facilitate de-
tailed Life Cycle Impact (LCI) Assessments for the build-
ing and construction sector, integrating environmental and
economic performance metrics for sustainable decision-
making (Figure 1). The proposed development for residen-
tial building stock, based on the ISO 14040/44 standards
(Principles and Framework for Life Cycle Assessment),
comprises four phases: goal and scope definition, life cy-
cle inventory, life cycle impact assessment, and interpre-
tation. Each phase is crucial and builds upon the previous
one, ensuring a comprehensive and systematic approach to
assessing the environmental impacts of residential build-
ing renovations.
The proposed methodology encompasses several key
steps: 1. Goal and Scope Definition to outline the study
objectives, 2. Development of a Knowledge-based Sys-
tem for LCI to gather relevant data or knowledge; 3. Inte-
gration of Life Cycle Impact Assessment via an Inference
Engine, and 4. Creation of an LCA Interface for Recom-
mendations, facilitating informed decision-making. This
comprehensive approach ensures thorough analysis and in-
formed choices throughout the lifecycle assessment pro-
cess, emphasizing requirements, steps, and effective im-
plementation strategies.

Goal and Scope Definition
The methodology begins with defining the goal and scope
of the building life cycle assessment. The goals are to
understand its initiation reasons, identify potential appli-
cations, and specify the target audience. The scope in-
cludes specifying the application, approach, data require-
ments, study period, functional unit, and system bound-
ary. These parameters are essential for guiding the overall
development process and ensuring the assessment aligns
with the intended purpose. The goal and scope definition
serves as the foundation for developing an iKBS to strate-
gically identify areas for enhancement in the building’s en-
vironmental performance. Furthermore, the methodology
is beneficial in determining the best retrofit options, pro-
viding in-depth cost-benefit analysis, and conducting com-
prehensive sustainability assessments by defining proper
goals and requirements.

Knowledge-based System for LCI Development
Life Cycle Inventory (LCI) is a core step of LCA and rep-
resents the quantification of inputs and outputs for a prod-
uct throughout its life cycle (Wernet et al., 2016). In the
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Figure 1: Methodology for intelligent Knowledge-based system for comprehensive life cycle assessment of residential buildings

Figure 2: Sub-methodology for knowledge-based system for life cycle inventory development

context of buildings, LCI data include the energy, ma-
terials, and emissions associated with the construction,
operation, maintenance, and eventual deconstruction of
buildings. Several databases provide LCI data with em-
bodied carbon values for various construction materials
and processes, such as the Inventory of Carbon and En-
ergy (ICE) database from the University of Bath (ICE,
2024), which can be used exclusively for calculating em-
bodied energy from a prospective perspective, and Ecoin-
vent (Ecoinvent, 2024) considered to be the largest trans-
parent unit-process. Similarly, various regions and organi-
zations maintain databases of EPDs, which provide stan-
dardized LCA-based reports for specific products, includ-
ing many construction products (Feng et al., 2023). Gen-
erally, Building LCA is categorized into different stages:
A1-A3 for material extraction and transport, A4-A5 for
construction and waste management, B1-B7 for use and
renovation, C1-C4 for end-of-life disposal, and D for the
environmental benefits of recovery. The process consists
of multiple steps: Knowledge Acquisition and Preprocess-
ing, Building Typologies, Knowledge-Based System De-

velopment, and Inference Engine for assessments (Figure
2).

Knowledge Acquisition and Preprocessing
The knowledge Acquisition phase for the iKBS involves
gathering a wide range of information to create a compre-
hensive understanding of various aspects of building con-
struction and maintenance. The knowledge acquisition in
this phase is segmented into various categories:

• Product/Material Data (A1-A3): This involves gath-
ering data on all materials and products used in the
construction process, from extraction to processing.

• Construction Stage Data (A4-A5): Data related to the
construction activities, including transportation and
on-site processes.

• Building Stock Data: Information on the existing
buildings, including their types, ages, and materials.

• Retrofit Data (B2-B5): Information on any renovation
or updates made to existing buildings.
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• End-of-life Phase Data (C1-C4): Data concerning the
demolition, waste processing, and disposal or recy-
cling of building materials or products.

The acquired knowledge undergoes a pre-processing stage
to ensure it is consistent, accurate, and relevant for devel-
oping the iKBS. The methodology uses different data pre-
processing methods such as data cleaning, data transfor-
mation, and data integration. The fuzzy-based method is
used for identifying and merging records that refer to the
same entities across different databases. This step is cru-
cial to ensure the iKBS can effectively use the knowledge
for intelligent decision-making in construction projects,
sustainability assessments, and lifecycle management of
buildings.

Building Typologies
Buildings often share common characteristics and can be
classified into a building typology. This can also be re-
ferred to as a reference building, which is a representative
structure capturing the typical characteristics and perfor-
mance of a specific category or group of buildings within
a larger building stock. This data can be sourced from es-
tablished national building stock databases, such as TAB-
ULA or EPC databases (Ali et al., 2024). Building typolo-
gies data is further used for the B1 stage, which evaluates
the building’s performance in terms of energy and water
usage. These data can also be generated using a thermal
simulation engine such as EnergyPlus and IES for the gen-
eration of energy and water consumption data based on
retrofit scenarios (Ali et al., 2024).

Intelligent Knowledge-based System Development
The proposed iKBS is an advanced framework to analyze
the complex decision-making process. This process inte-
grates pre-processed and simulated data from the Life Cy-
cle Inventory Development, accommodating the vast array
of data and variables in assessing a building’s life cycle.
The system comprises various intelligent knowledge rep-
resentation and recommendationmethods, including Rule-
Based, Case-Based, and Frame-Based systems. Rule-
based systems express knowledge concepts as a conjunc-
tion of conditions and conclusions (Santos et al., 2020). A
rules-based system can be developed for LCA in residen-
tial buildings to evaluate environmental impacts based on
specific criteria, such as material selection. For instance, a
rule might state, ”If a building’s construction year is old,
then the materials used in the building are of low perfor-
mance.” Case-based reasoning solves new problems by ex-
tracting and applying solutions previously adopted for sim-
ilar problems (Zhao et al., 2019). In the context of LCA,
past LCA studies or available data from similar residential
buildings can be used to predict the environmental impact
of a new building project. Frame-based systems use struc-
tured templates or frames to represent knowledge and infer
new information based on existing structures and relation-
ships within the frames (Nazaruks and Osis, 2021). These
systems use detailed, available data in structured frames

or templates. Each frame can represent different aspects
of LCA, like materials, energy efficiency, or water usage,
with slots for specific attributes and values.
Typically, KBS (Knowledge-Based Systems) stores all
data in databases such as PostgreSQL and MySQL for
structured data with well-defined schemas, and Mon-
goDB, Cassandra, or Couchbase for unstructured or semi-
structured data. In this paper, MongoDB and Python are
used to implement a hybrid approach of Rule-Based, Case-
Based, and Frame-Based systems that store different types
of unstructured or semi-structured data.
This study comprehensively assesses each system based on
accuracy, complexity, flexibility, and scalability. However,
due to the complex nature of building lifecycle assessment
and data requirements, this study proposes a hybrid ap-
proach for effective life cycle assessment. Furthermore,
the hybrid approach offers a comprehensive, adaptable,
and flexible method to handle unique scenarios, making
it a robust solution for sustainable building practices.

Life Cycle Impact Assessment (Inference Engine)
An inference engine that evaluates the environmental im-
plications of a building throughout its life cycle. Environ-
mental performance assessment focuses on embodied en-
ergy (energy used in the production of the building materi-
als) and operational energy (energy used during the build-
ing’s operation).

LCA Interface for Recommendation
Stakeholders can input or query different scenarios to the
inference engine to see how changes might affect the life
cycle impacts. The inference engine gives recommenda-
tions based on input or query to analyze various scenarios
to help decision-making. The system provides a compre-
hensive analysis that enables users to accurately interpret
the life cycle impacts of buildings. It allows for assessing
different scenarios and helps make informed decisions to
improve environmental and economic performance.
The LCA interface empowers stakeholders to input or
query diverse scenarios into developed iKBS using an in-
telligent inference engine. Furthermore, the interface pro-
vides a detailed and comprehensive analysis of environ-
mentally sustainable and efficient materials. The IKBS is
a pivotal tool in driving eco-friendly viable building and
infrastructure development practices.

Case Study
This case study focuses on analyzing the impact of reno-
vation on the life cycle of an Irish semi-detached building.
This study demonstrates the application of an Intelligent
Knowledge-based System (iKBS) for detailed residential
building LCA (Figure 3).

Intelligent Knowledge-based System Development
This case study aims to evaluate the environmental impact
of existing Irish semi-detached typology and recommend
the best materials and components for retrofits. The scope
encompasses assessing embodied energy, operational en-
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Table 1: Data knowledge requirement for Irish case study knowledge-base development
knowledge Requirement Irish Case Study
Product/ Material Data A1- A3 ICE, Ecoinvent, TM65, Irish National Material database
Construction Stage Data A4- A5 ICE, Ecoinvent, TM65,Irish National Material database
Building Stock Data Ireland BER database
Retrofit Data B2-B5 Irish Building Regulation, Irish Retrofit Scenarios
End-of-life Phase Data C1-C4 ICE, Ecoinvent, TM65, Irish National Material database
Building Typologies Irish TABULA, EnergyPlus

ergy, and potential retrofitting options for energy efficiency
improvement. The study targets policymakers, contrac-
tors, and homeowners to provide insights into sustainable
building practices. The scope of this case study includes
specifying the application, approach, data requirements,
study period, functional unit, and system boundary.
The knowledge-based development phase involves an ex-
tensive collection and analysis of knowledge for the life cy-
cle of buildings, focusing on the context of Ireland. This
process uses a variety of sources, including the Irish En-
ergy Performance Certificate (EPC) database, the Irish
database for embodied energy and materials, the Interna-
tional ICE database, and retrofit scenarios data relevant to
Ireland (Table 1).
The knowledge of building materials for constructing Irish
houses encompasses stagesA1-A5 or C1-C5, ranging from
raw material production to end of life. This information is
gathered from the Irish National Material Database, the
ICE, Ecoinvent, and TM65 databases. (ICE, 2024; Ecoin-
vent, 2024). These databases contained embodied energy
and carbon emissions associated with different materials
that contribute to global warming and climate change and
information related to the transportation of materials and
the actual on-site construction processes (Table 1). The
building stock knowledge component offers detailed infor-
mation about existing houses in Ireland, including their
age, construction materials, and build type. This knowl-
edge is collected from the Irish EPC database of 1 mil-
lion buildings. Retrofit scenarios encompass information
about renovations to enhance building energy efficiency
collected from existing retrofit schemes in Ireland nation-
ally (Figure 3)(CAP, 2024).
The study used typologies of existing residential build-
ings in Ireland from the TABULA project. These typolo-

gies aid in evaluating the buildings’ energy and water us-
age, focusing on the usage data generation. TABULA
provides typological data for the 34 Irish dwelling types
across 10 age bands. The Irish TABULA project also pro-
vides baseline knowledge for building elements, such as
exterior walls, roofs, windows, and floors. The baseline
knowledge helps to identify recommended retrofit scenar-
ios for target buildings. This study uses the EnergyPlus
simulation engine for energy and water consumption, as
well as B6 and B7 usage data generation based on retrofit
scenarios.

The integration of acquired Irish knowledge within the
iKBS begins with a critical pre-processing stage designed
to ensure the accuracy and consistency of the data. This
foundational step is crucial for preparing the information
for sophisticated analysis and decision-making processes.
The iKBS integrates pre-processed data and typologies
knowledge using Rule-Based, Case-Based, and Frame-
Based systems for intelligent decision-making. These
knowledge-based approaches, commonly used based on
existing studies, are considered optimal for Knowledge-
Based Systems (Santos et al., 2020; Zhao et al., 2019;
Nazaruks and Osis, 2021). In this study, MongoDB is used
for storing knowledge because of its ability to handle un-
structured or semi-structured data. This system enables
the evaluation of environmental impacts based on criteria
such as material selection and energy efficiency.

The Rule-Based system is pivotal in identifying construc-
tion materials used in typology, considering various at-
tributes such as layers, thickness, conductivity, and cost.
The Frame-Based system facilitates the retrieval of all data
in frames, simplifying interaction with the inference en-
gine for estimating total embodied energy and U-values.
This study also compares the embodied carbon of materi-

Figure 3: Irish case study knowledge-based development process diagram for LCA analysis
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Figure 4: Long-Term impact of retrofitting measures on CO2e emissions in semi-detached topology residential buildings: A 60-year
lifecycle assessment

Table 2: Pre and post-retrofit scenarios for the semi-detached topology building for LCA analysis
Pre-Retrofit Post-Retrofit (Boiler) Post-Retrofit (Heat Pump)

Wall U-value 0.6 0.21 0.21
Roof U-value 0.4 0.13 0.13
Floor U-value 0.64 0.21 0.21
Window U-value 3.1 1.6 1.6
Heating Efficiency/COP 0.7 0.9 3
EUI 290 148 78
Energy Rating D2 B3 B1

als with those in the Irishmaterial database and other avail-
able databases, such as ICE and Ecoinvent. The frame-
based system organizes and stores data in a structured for-
mat known as frames, which facilitates the efficient re-
trieval and analysis of information related to construction
materials.
Furthermore, the Case-Based system develops recommen-
dations for stakeholders to find insulation materials with
minimal embodied carbon. This system identifies similar
cases using a fuzzy string-matching approach, helping to
find materials by name or category. The fuzzy approach is
the most robust in handling variations in input data and
string matching, based on existing studies (Zhao et al.,
2019). The case-based system uses historical knowledge
of insulation materials to recommend options with mini-
mal embodied carbon for new construction projects.
Overall, the hybrid approach is used in the inference en-
gine to assess the environmental and economic impacts
of the buildings. This integration offers a robust frame-
work for intelligent decision-making, providing flexibility,
adaptability, and comprehensive analysis. The system pro-
vides recommendations and a comprehensive analysis of

existing and retrofit material, allowing users to explore var-
ious scenarios for improved environmental performance.

LCA for Semi-detached typology using iKBS

The case study of the semi-detached typology demon-
strates how iKBS can lead to recommendations for mate-
rials with minimal embodied energy or operational energy
for retrofitting. The typology of a semi-detached house
built between 1983 and 1993 features cavity walls and
pitched roofs with a floor area of 106.27 m2. The pre-
retrofit typology U-values are 0.6 W/(m2·K) for walls, 0.4
W/(m2·K) for roofs, and 0.64 W/(m2·K) for floors, with
double-glazed, PVC-framed windows at 3.1 W/(m2·K),
and a boiler efficiency of 70%, leading to an energy rat-
ing of D2 and a total Energy Use Intensity (EUI) of 290
kWh/(m2.yr). These figures indicate significant potential
for improvement. The iKBS recommended various insu-
lation materials based on their thermal conductivity and
embodied energy values to enhance the U-values of the
walls, roof, floor, and window (Table 2).
The iKBS recommends various insulation materials, in-
cluding Extruded Polystyrene (XPS) and mineral wool, to
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improve the U-values of building structures such as walls,
roofs, and floors. These recommendations based on Low
thermal conductivity ensure that materials like XPS of-
fer superior insulation performance, effectively reducing
heat transfer through walls and floors. Furthermore, these
materials enhance a building’s energy efficiency and con-
tribute to a more stable and comfortable indoor environ-
ment. On the other hand, mineral wool is highlighted for
roof insulation due to excellent thermal resistance and abil-
ity to manage moisture, further optimizing the building’s
thermal performance. The iKBS aims to promote sus-
tainable construction practices that minimize energy con-
sumption and carbon footprint, aligning with broader en-
vironmental conservation efforts.
In this study, two heating system scenarios are consid-
ered for post-retrofit scenarios, such as employing a con-
densing boiler with 90% efficiency and an air source heat
pump with a Coefficient of Performance (COP) of 3.0 (Ta-
ble 2). The life cycle assessment of retrofitting measures
in a semi-detached building, analyzed over a 60-year life
span, highlights the significant environmental benefits of
retrofitting despite initial increases in total CO2 emissions
due to embodied carbon from materials and heat pump in-
stallations (Figure 4). The analysis reveals a significant
reduction in operational emissions post-retrofit when com-
pared to both boiler and heat pump heating systems, val-
idating the efficacy of retrofitting in reducing operational
carbon.
Despite the initial environmental cost indicated by the
surge in total emissions due to the heat pump (40 tCO2e)
and boiler installation (30 tCO2e), the operational savings
quickly compensate for these impacts, leading to a con-
siderable reduction in the building’s carbon footprint over
the long term. The periodic accounting for the embodied
emissions of heat pumps every 15 years and boilers every
20 years takes into account the replacement cycles of the
equipment, underscoring the necessity of long-term sus-
tainability planning.
Overall, the LCA demonstrates that retrofitting signifi-
cantly contributes to environmental sustainability by low-
ering operational emissions, emphasizing the long-term
benefits of such interventions in residential building man-
agement. Retrofitting with a boiler decreases the EUI
from 290 to 149 kWh/(m2.yr), enhancing the energy rat-
ing from D2 to B3, with a 184 tCO2e emission. Similarly,
Retrofitting with a heat pump reduces the Energy Use In-
tensity (EUI) from 290 to 78 kWh/(m2.yr), upgrading the
energy rating from D2 to B1 and resulting in a reduction
of 90 tCO2e emission.
This case study demonstrated the effective application of
an iKBS in the context of Irish housing stock. The study
provided valuable insights into sustainable building prac-
tices by integrating comprehensive data sources, highlight-
ing areas for embodied energy efficiency improvements
and potential retrofit options. The approach underscores
the importance of detailed life cycle assessments in guid-
ing sustainable decision-making in the building and con-

struction sector.
The results show that iKBS enabled the quantification
of energy and emissions savings with greater specificity,
demonstrating significant improvements in energy use in-
tensity and carbon emissions reductions through various
retrofit scenarios. Traditional methodsmight not fully cap-
ture the nuanced impacts of different retrofit options due
to complex interactions between various building materi-
als, usage patterns, and lifecycle stages. This methodology
offers a more dynamic and comprehensive tool for policy-
makers, urban planners, and researchers aiming to opti-
mize residential renovations for sustainability and climate
mitigation.

Conclusions
This study bridged a significant gap in Building LCA for
residential renovations by integrating diverse data sources
such as existing building stock data, residential typologies,
retrofit scenarios, and building materials data into an intel-
ligent Knowledge Base System (iKBS). This research has
advanced the understanding of the environmental impacts
of residential renovations. Knowledge-based system de-
velopment represents a novel approach to assessing build-
ing life cycles, particularly in the national residential build-
ing stock context.
The comparative analysis of various KBS approaches, in-
cluding rule-based, case-based, and frame-based systems,
has provided valuable insights into operational and em-
bodied energy aspects. This work is particularly notewor-
thy for contributing to eco-friendly renovation practices
and advancing sustainable building methodologies. The
findings of this study are a valuable resource for energy
policymakers, urban planners, and researchers, offering a
new and intelligent framework for promoting sustainable
practices in the building sector.
Future work would expand the methodology’s applica-
bility by encompassing diverse geographic regions build-
ing typologies and retrofit scenarios thereby enhancing its
utility and relevance. Furthermore, integrating emerging
technologies such as machine learning and big data ana-
lytics could further refine the accuracy and efficiency of
the LCA process. Collaborating with industry stakehold-
ers and policymakers will be vital in implementing these
advanced tools in practical scenarios. Finally, the ongo-
ing evolution of this research can significantly contribute
to the global effort to create sustainable and eco-friendly
buildings.
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Abstract
Digital Twins (DTs) have become as valuable tools for
management, and operation of assets. A main challenge,
however, persists in the automated creation of high-quality
buildings DTs, providing both precise geometry and se-
mantics. This paper introduces a novel hybrid bottom-
up, top-down approach for the automated creation of DT
models of staircase structures using laser scanner point
cloud. The proposed workflow involves separating in-
clined staircase points, designing parametric DT models,
and model fitting through an optimization process. The
results demonstrate the effectiveness of the proposed with
an average accuracy of about 4 cm in determining the di-
mensions of the model’s elements.

Introduction
The automatic creation of DTs for the built environment
has emerged� as a prominent and demanding field within
the AEC domain (Volk et al., 2014; Bosché et al., 2015;
Drobnyi et al., 2023). A DT is a virtual replica of physical
assets that facilitates real-time simulation and monitoring.
DTs offer numerous possibilities for resource and facility
management, enabling more intelligent analysis and inter-
actions (Drobnyi et al., 2023). When it comes to creating
DTmodels for exiting buildings with rich semantic content
and coherent geometry, an important first step is to acquire
relevant data, especially visual and spatial data. In this
regard, laser scanning technology plays a crucial role, en-
abling themeticulous collection of point cloud data and the
creation of virtual replicas for both indoor and outdoor en-
vironments (Noichl and Borrmann, 2022; Pan et al., 2023;
Abdollahi et al., 2023; Martens and Blankenbach, 2023).
This technology plays a pivotal role in advancing the do-
mains of building performance and sustainability.
In the past decade, significant progress has been achieved
in the field of point cloud processing techniques and 3D
scene understanding methodologies, with a specific em-
phasis on automatically generating accurate geometric-
semantic DT models from point cloud data. Neverthe-
less, developing a comprehensive and precise algorithm
for this purpose has encountered numerous challenges, pri-
marily arising from noise, clutter, obstructions, and the
representation of volumetric-semantic models (Ochmann
et al., 2016). Furthermore, most of the existing approaches
have primarily focused on creating 3D models of struc-
tural elements such as ceilings, floors, and walls while ne-
glecting the intricate modeling of other structural compo-

nents, notably staircases, which play a pivotal role in the
reconstruction of DTs for multi-story buildings (Nikoohe-
mat et al., 2020). This oversight can be attributed to the
inherent complexities associated with indoor scenes and
the intricacies involved in reconstructing staircase struc-
tures (Schmittwilken et al., 2009). Staircase structures as-
sume diverse shapes and configurations based on varying
specifications, making the automatic reconstruction of 3D
models a challenging task.
In the realm of urban planning and facility management,
digital staircase models are vital for optimizing pedestrian
flow and enhancing public safety. In this regard, the auto-
matic creation of digital staircase models from point cloud
data empowers facility managers and builders to conduct
virtual walkthroughs, identify potential conflicts, and re-
duce construction and maintenance costs.
In the research presented in this paper, the primary objec-
tive is to introduce an automated workflow that combines
both bottom-up and top-down approaches to extract stair-
case points within the indoor environment and generate
parametric DT models with coherent geometry. The key
contribution lies in utilizing domain knowledge to formu-
late parametric models for the building’s staircase struc-
tures and subsequently fitting the designed rough models
to point cloud data to achieve a close representation of re-
ality.

Background and related work
Digital building twin creation
With the increase in demands for the creation of DT mod-
els for the built environment, indoor digital twinning has
become an intensively researched topic in AEC domain
(Borrmann et al., 2023). In this context, laser scanners and
photogrammetry technologies are the most modern and ef-
ficient measurement tools, facilitating the acquisition of
accurate geometric and semantic information, which are
widely used in the realm of automatic creation of 3D dig-
ital models. However, despite all progress made, the au-
tomatic creation of digital building twin from point cloud
data remains only partially resolved, and most developed
methods are designed for specific types of buildings and
restricted to reconstructing specific kinds of objects based
on use cases.
In this regard, Xiong et al. (2013) proposed an auto-
mated 3D reconstruction framework utilizing a voxelized
point cloud to identify patches, such as walls, ceilings,
and floors, by adhering to boundary constraints. Mon-
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szpart et al. (2015) proposed the regular arrangements
of planes (RAP) technique for reconstructing indoor 3D
scenes using point cloud data. The proposed method uses
local plane-based approximations and global inter-plane
relations to simplify the arrangement of planes fitted to
the points of the environment. Ochmann et al. (2019)
proposed an innovative approach for reconstructing vol-
umetric building DT models, encompassing floor, ceiling,
and wall elements. They employed a linear optimization
framework to disjoint distinct 3D spaces and determine
the positions of common wall instances shared among
them. Tran and Khoshelham (2020) employed a reversible
jump Markov Chain Monte Carlo (rjMCMC) algorithm
to facilitate the application of shape grammar rules in
the procedural-based reconstruction of 3D indoor models
from dense point cloud data. Abdollahi et al. (2023) in-
troduced a progressive model-driven approach for the 3D
modeling of indoor spaces employing watertight prede-
fined models. This approach initially segmented spaces
into rectangular and non-rectangular regions with an even
number of sides. Subsequently, a point density occupancy
map is used to enhance the level of detail in the intru-
sion and protrusion parts ofManhattan and non-Manhattan
models.
Recent advancements in artificial intelligence (AI) and
machine learning (ML) technology provide an effective so-
lution for accurate point cloud processing, reducing the
manual effort required in creating DTs. In this regard,
Mehranfar et al. (2022) proposed a hybrid bottom-up, top-
down method using AI semantic segmentation network to
separate the 3D space in simple and complex indoor point
cloud. Mehranfar et al. (2023) also combined domain
knowledge in construction and architectural design with
the capabilities of AI techniques in scene understanding
to create highly parameterized building models with rich
semantic and coherent geometry from dense point clouds.
The proposed method employs the parametric modeling
approach and model fitting through an optimization pro-
cess to overcome common indoor point cloud challenges,
including noise, gap, and clutter. Kellner et al. (2023) de-
veloped a multi-step data-driven algorithm enriched with
AI techniques for the 3D reconstruction of building mod-
els at Level of Development (LoD) 400. The proposed ap-
proach utilizes an AI semantic segmentation network to
separate the following classes: doors, door leaves, win-
dows, walls, ceilings, floors, and clutter. Subsequently, a
2D projection combined with a neighborhood graph struc-
ture is employed to partition 3D space within indoor envi-
ronments, followed by applying the RANSAC plane fitting
algorithm to reconstruct 3D models of walls. Ultimately,
a bounding box is fitted to the points pertaining to each
individual instance of door and window elements.

Staircase points detection and modeling

Staircase detection within point clouds and the subsequent
creation of staircase DT models is an area of research
that has received less attention compared to other applica-

tions of point cloud processing. Staircases exhibit diverse
shapes and dimensions, and their visual representation can
be influenced by different factors, such as structural design
and the quality of the point cloud data. This complexity in-
troduces challenges in developing robust and broadly ap-
plicable staircase detection algorithms. Additionally, uti-
lizing ML approaches for staircase detection heavily re-
lies on huge labeled datasets for network training pur-
poses. The scarcity of such datasets specifically for stair-
cases has impeded progress in researchwithin this domain.
Among the little research conducted on staircase point de-
tection and digital model reconstruction, Schmittwilken
et al. (2009) introduced a low-level module based on the
random sample consensus (RANSAC) algorithm to gener-
ate planar polygonal patches for building facades and the
surrounding ground. They employed Conditional Random
Fields (CRFs) to classify patches into facade, window,
door, and staircase classes, considering local neighbor-
hood information and incorporating attribute grammar, in-
cluding object partonomy and observable geometric con-
straints.
In 2009, Schmittwilken and Plümer (2009) proposed a top-
down approach for reconstructing symmetric and partly re-
cursive objects, such as a triple-run staircase from point
cloud data. The proposed method utilizes an attribute
grammar formulation using geometric dependencies for
the design of 3D models and subsequently employs the
random sample consensus paradigm for model selection
and extraction of the geometric parameter of each 3D ob-
ject. Sinha et al. (2014) presented a data-driven approach
that employs a minimal 3D map representation and cal-
culates step-like local features using point neighborhoods
to detect staircase points. Yang et al. (2019) employed
a bottom-up hierarchical semantic classification method,
incorporating various semantic definitions, such as pla-
narity of wall, ceiling, and floor surfaces at the geometric
primitive level, to establish relationships between the stair-
case connection space and indoor space. For the coarse
segmentation of staircase points, the height histogram of
points is used to identify the void region between the planar
surfaces of solid slabs and the connection space with stair-
cases. Subsequently, the connected component algorithm
is applied to cluster distinct pieces, planes, and clusters of
staircases. Finally, the α-shapes algorithm is employed to
construct the surface model for each step of the staircase.
In conclusion, the automatic creation of digital building
twins using point cloud data is a research field constantly
facing challenges such as complex space layouts, clutter,
obstructions, and the need to provide methods for repre-
senting volumetric semantic models. The challenges be-
come even more complex for elements such as staircases,
which can have varying appearances based on their de-
sign. In the research presented in this paper, we aim to
develop a hybrid bottom-up, top-down method for the au-
tomatic creation of a DT model for staircase structures us-
ing point cloud data. The proposed method leverages do-
main knowledge in construction and design to create para-
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Figure 1: The proposed workflow for creating the DT model of the staircase.

metric models that can consider semantic relationships be-
tween components, allowing to overcome challenges such
as noise and obstructions.

Methodology
As shown in Figure 1, the proposed workflow for the au-
tomatic creation of the DT model for staircase elements
consists of three major steps, including 1) staircase points
separation, 2) designing the parametric model of the stair-
case, and 3) model fitting using an optimization process.
The details of the steps are given in the following subsec-
tions.

Staircase points separation
Staircase structures are typically inclined and constructed
with a specific slope. Various factors, such as building reg-
ulations, architectural preferences, and the intended pur-
pose of the staircases determine the inclination angle of a
staircase. In residential and educational buildings, stair-
cases are often designed with a relatively gentle incline
to provide comfort and ease of use, such as for the con-
venience of (elderly) occupants. In the proposed method,
theVerticality geometric feature is employed to distinguish
inclined staircase points from other structural elements
within the point cloud space, including vertically oriented
walls and horizontally oriented ceilings and floors (Figure
2b).
To calculate the Verticality feature for each point in the
point cloud space, the equation 1 is used with a neighbor-
hood of 25 cm (Grilli et al., 2019). The selected neighbor-
hood radius value ensure the presence of a minimum num-
ber of neighboring points for accurate estimation of Verti-
cality features for the main structural elements, as well as
small furniture objects.

Verticality= 1−nz, (1)

where nz is the normal vector value toward the Z axis,
which is calculated by the covariance matrix and eigenvec-
tor values of the nearest neighboring points using equation
2 (Grilli et al., 2019):

c=
1
k

n

∑
i=1

(pi− p̄).(pi− p̄)T , (2)

where k is the number of neighboring points, pi and p also
refer to the 3D coordinates of the points being considered.
Additionally, the eigenvalues and eigenvectors are deter-
mined by equation 3 where λ and ~v are eigenvalues and
eigenvectors respectively (Grilli et al., 2019):

c.~v j = λ j.~v j, j ∈ {0,1,2} (3)

Points associated with entirely horizontal elements are as-
signed a Verticality value of zero, while points pertaining
to completely vertical elements are assigned a Verticality
value of one. In this case, a confidence interval of 45%,
characterized by approximate slopes ranging from 0.05%
to 0.5%, is considered to extract the inclined points (Figure
2c).
The output of this process includes inclined staircase
points, edge points of walls and ceilings, floor elements,
noise points, and clutter. To extract points specific to each
staircase instances, we adopt a two-step approach. Ini-
tially, the Linearity feature of the points is leveraged using
equation 4 to eliminate the edge points of wall and ceiling
elements (Figure 2e). Subsequently, the Connected Com-
ponent Segmentation (CCS) algorithm is employed to seg-
ment points into distinct groups based on their connectiv-
ity, effectively isolating small segments that often appear
as clutter within the point cloud space (Figure 2f) Trevor
et al. (2013).

Linearity=
λ1 −λ2

λ1
(4)

As shown in Figure 3a, the extracted staircase lacks points
corresponding to the horizontal planes of the staircase
landing tread. This omission is due to the exclusion of hor-
izontal points in the filtering process of the previous step.
However, this information gap proves advantageous in sub-
sequent steps for separating staircase components and their
configuration analysis.
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(a) (b ) (c)

(d) (e) (f)
Figure 2: Staircase points separation: (a) original point cloud, (b) Verticality feature calculation, and removal of empty cells from the
initial 2D bounding box model, (c) filtering the points with the Verticality feature between 0.05 to 0.5, (d) Linearity feature calculation
to filter noise and unwanted furniture points, (e) staircase points after noise removal, (f) applying the CCS method to segment staircase

points.

Design the parametric model of staircase

The structural configuration of interconnecting staircases
between building levels frequently comprises multiple
stair tread parts and incorporates two or more landing
treads. The design and structural morphology of these
staircases is inherently influenced by factors such as the
flow of ingress and egress and the placement of landing
treads. To quantify the number of landings and determine
their direction, the central portion of the staircase points
is examined using 3D point density analysis (Figure 3b).
This analysis reveals that the extracted staircase element
comprises three flows and two landing treads that run from
left to right, top to down, and right to left, respectively
(Figure 3c). This information serves as valuable input for
subsequent steps, particularly within the parametric design
of the staircase structure.

The staircase structure typically consists of distinct pri-
mary components such as step riser, step tread, railing etc.
The differences between staircases primarily pertain to the
number and dimensions of the primary components (e.g.
number of steps, width, length, depth of steps, and landing
treads) as well as the specific modes of flow rotation and
positioning of the landing tread. Specifically, we consider
four possible rotation types, denoted by numerical identi-
fiers 1, 2, 3, and 4, corresponding to left-to-right, right-
to-left, bottom-to-top, and top-to-bottom orientations, re-
spectively (Figure 4a). For instance, the primary configu-
ration of the extracted staircase is represented by the array

”142” (Figure 4b). This signifies that the staircase in ques-
tion consists of three flows and two landing treads, each
being successively positioned from left to right, top to bot-
tom, and right to left. Consequently, a library of paramet-
ricmodels is systematically generated based on the number
of landing treads and flow patterns.

Model fitting using optimization process
The designed parametric model has low geometric accu-
racy but a consistent semantic topology. To determine
the optimal geometric values of the DT model’s compo-
nents, the optimization process is used to fit the designed
parametric model to the extracted staircase points. The
Nelder-Mead optimization algorithm fits the initial para-
metric model to points (Nelder and Mead, 1965). Within
this context, the objective function employed during the
model-to-point fitting process is defined as follows (5) :

Obj= min(G+
F
10

) (5)

The term G refers to the distance between the points and
the step planes, which is a critical factor for the vertical
alignment of the parametric model toward the staircase
points (6) (Figure 5):

G=
n,k

∑
i=1, j=1

|pi − plane j| (6)

where the pi is the staircase point i, plane j is the jth plane
of parametric model, pstairs is the number staircase points
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(a) (b) (c)
Figure 3: Staircase configuration: (a) staircase points, (b) central part of staircase, (c) separated flows and their orientation.

(a) (b) (c)
Figure 4: Determining the type of staircase based on the number of flows and the number of landing treads: (a) possible rotation

directions, (b) design the configuration of the parametric model for the staircase instance with two landing treads and flow’s ID array
[1 4 2], (c) highly parameterized DT model of the staircase.

and pin is the number staircase points inside the step box
of staircase model.

Figure 5: Fitting parametric model of staircase to points;
Vertical alignment of the parametric model toward the staircase

points (term G).

The term F is related to the number of steps present within
each flow connecting the landing treads, as well as the
placement of the parametric model planes on the staircase
points on the X-Y plane (7) (Figure 6):

F= |pstairs −
steps

∑
i=1

pin| (7)

where the pstairs is the number of staircase points and pin
is the number of staircase points inside the step box of the
staircase model. To enhance the process of fitting a model
to the points, in each iteration, the 3D points inside each
box of the model are extracted and used in the optimization

process. This includes the points on the landing treads that
were omited during the staircase points separation step.

Figure 6: Fitting parametric model of staircase to points;
placement of the parametric model planes on the staircase

points (term F).

During the model fitting process, the points inside each
box of the DT models are extracted and appended to the
previously extracted staircase points to improve the model
fitting, specifically in the parts of landing treads. In be-
tween, adding excessive steps may not change the overall
distance value between the staircase points and the model
planes. To address this challenge, a penalty factor is in-
corporated into the objective function. Specifically, if an
additional step does not encompass any points within the
2D X-Y plane, a penalty value of 10000 is appended to the
final value of the objective function (8):

i f pin == 0 then Obj= min(G+
F
10

)+10000 (8)
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Result
To evaluate the proposed method, the dense point cloud
dataset is used that has been captured by the authors at
the City campus of the Technical University of Munich
(TUM). The TUM building in question (Building 1) is a
multi-story structure comprising four floors. The point
cloud data was captured using NavVis laser scanner with
a spatial resolution of 0.1 cm (https://www.navvis.com/).
Figure 7 illustrates an overview of the data.

Figure 7: Overview of the TUM Building 1 data.

Experimental results on staircase points separation
To extract the staircase points within each floor’s point
cloud, first, the Verticality feature is calculated for the
points in each floor by considering the neighborhood ra-
dius of 0.25 cm. Next, the inclined points of staircases are
extracted from the point cloud space considering a confi-
dence interval of 45%, which encompasses the points with
the Verticality feature between 0.05 to 0.5. As mentioned
in Section 2, the result of this step contains noise and clut-
ter. In this regard, the linearity feature is calculated for
each point considering the neighborhood radius of 0.50 cm
to detect the noise and boundary points between the ceil-
ing, floor, and wall elements. Finally, the CCS method is
employed to segment the points belonging to each staircase
instance. In this case, the distance threshold for connect-
ing the points in each segment is considered as 25 cm and
the minimum number of points to segment each staircase
instance is specified equal to 5000. Figure 8 shows the re-
sult of staircase point separation for different floors of the
TUM Building 1 dataset.
To assess the effectiveness of the staircase points separa-
tion step, the manually annotated point cloud and the ex-
tracted staircase points are compared, and the results are
reported in Table 3 based on Equations (9-11). In this re-
gard, an overall accuracy of about 95% for separating stair-
case points from other elements in the point cloud space
highlights the performance of the proposed workflow for
separating staircase points, which significantly influences
the quality of the model fitting steps.

Precision=
T P

T P+FP
(9)

Recall=
T P

T P+FN
(10)

(a)

(b)

(c)
Figure 8: The result of staircase points separation for the TUM

Building 1 dataset: (a) floor-2, (b) floor-3, and (c) floor-4.

F-score= 2.
Precision.Recall

Precision+Recall
(11)

Experimental results on creation parametric model of
staircase
First, the central parts of the extracted staircase points are
examined to design the parametric DT model for the ex-
tracted staircase instances. In this regard, the structure of
staircase instances in the point cloud of the second to third
floor is determined by array 142. This means the corre-
sponding staircase structure consists of two landing treads
and three flows formed from left to right, up to down, and
right to left, respectively. Also, the staircase structure ex-
tracted in the point cloud floor fourth is determined by ar-
ray 32, meaning that this staircase consists of one landing
tread element and two flows, which are formed from bot-
tom to top and from right to left.
Subsequently, parametric DT models are designed based
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Table 1: Accuracy evaluation of staircase points separation.

Dataset F (2) F (3) F (4)
Precision 0.75 0.60 0.70
Recall 0.80 0.73 0.85
F-Score 0.77 0.64 0.75

Overall accuracy = 0.95

on the provided information for each staircase instance.
Thesemodels incorporate various parameters and consider
their relation, including the number of steps between land-
ing treads and dimensional values of geometric proper-
ties such as width, depth, and height, which, in addition
to maintaining the semantic relation between the staircase
components, also promotes geometric integrity. Follow-
ing this, the designed parametric models are fitted to the
extracted staircase points to estimate optimal values for
the parameters of the created DT models. As discussed
earlier, the Nelder-Mead optimization method and the ob-
jective function are employed to fit the model to the points
and extract optimal parameters for the designed DT mod-
els, ensuring that the models closely resemble real-world
structures.

(a)

(b)

(c)
Figure 9: The result of staircase points separation for TUM
Building 1 dataset: (a) floor-2, (b) floor-3, and (c) floor-4.

To evaluate the proposed method for the automatic cre-
ation of the staircase DT model, the differences between
distances and dimensional values of the staircase compo-
nents in the reference DT models and the generated mod-
els are calculated. For each dataset, the standard metric of
mean error is presented in Table 4. Furthermore, the dis-

tance between the model and the extracted staircase points
is measured for each dataset, indicating the closeness of
the created model to the captured point cloud. The overall
mean accuracy of about 0.04m highlights the performance
and effectiveness of the proposedmethod for the automatic
creation of DT models for staircase structures in the built
environment.

Table 2: Accuracy evaluation of staircase DT creation.

Dataset F (2) F (3) F (4)
Flights:
Width 0.04 0.05 0.04
Depth 0.03 0.04 0.04
Height 0.02 0.03 0.03
Number of Steps 100% 97% 93%
Landing treads:
Width 0.04 0.05 0.04
Depth 0.03 0.04 0.05
Height 0.02 0.03 0.04
Overall accuracy 0.03 0.04 0.04
Points to Model 0.08 0.11 0.07

Conclusion
This research presents a novel hybrid bottom-up, top-down
method to create the highly parameterized DT model of a
staircase structure. The proposed method aligns existing
knowledge in the design and construction of building ele-
ments with the parametric modeling framework, allowing
us to consider different degrees of freedom tomodel a wide
range of staircase models in the real world. By considering
semantic relationships between staircase components, the
presented approach provides solutions to overcome chal-
lenges such as point cloud obstruction, noise, and com-
plexity in the representation of 3D geometric models. In
this regard, an overall mean error of about 0.04 m in creat-
ing a highly parameterized DT model for a staircase struc-
ture with different shapes and designs promises significant
progress in the field of ”Scan-to-BIM” that ultimately pro-
vides high-quality DTs with rich semantics and coherent
geometry. Despite diligent considerations, the proposed
method has inherent limitations in creating digital mod-
els of round staircases with non-Manhattan designs, which
will be addressed in future works.
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Abstract 

Building Information Modeling (BIM) promises ad-
vantages for Facility Management (FM) by integrating the 
lifecycle phases of a building. Especially the optimized 
start-up phase is mentioned as one key advantage of the 
BIM method. In order to implement a successful start-up, 
a holistic as-built model is necessary, in which all relevant 
information for FM is stored. Actually, for the generation 
of an as-built model a high manual effort is necessary. 
This paper aims to develop an automated as-built model 
by using delivery documents. Therefore, this paper pre-
sents a process using Optical Character Recognition and 
analyze the process in a proof-of-concept. 

Introduction 

Building Information Modeling (BIM) aims to integrate 
all stakeholders by using a digital building model through-
out the lifecycle (Borrmann et al. 2021). The focus here is 
particularly on the consistent exchange of information us-
ing open data exchange formats (Baranova 2021). One 
important standard to exchange data throughout the 
lifecycle is the Standard of the Industry Foundation Clas-
ses (IFC) (ISO 16739-1). Especially IFC-based as-built 
models could support an efficient information exchange 
between BIM systems and FM systems, as Computer 
Aided Facility Management (Matarneh et al. 2019; Ensafi 
et al. 2022).  
As-built models hereby describes the actual state of the 
building, as it is constructed and commissioned (Bartels 
2020). It represents the update of the as-planned model, 
which describes the target status of the building and in-
cludes graphical and alphanumerical data (Pilling 2016). 
By integrating all FM-relevant data and the data of the 
service provisioning during the Operations & Mainte-
nance (O&M) phase, an As-Operated model is generated 
(RealFM 2021). The maturity of the models is shown in 
Figure 1. 

Figure 1: Maturity Levels of the BIM models throughout the 

lifecycle 

While as-planned states the status of the design phase, the 
as-built modelling requires a finer level of detail, a more 
precise modelling as well as an accurate data import and 

maintenance (Pătrăucean et al. 2015). But these data is of-
ten poorly collected, processed and revised in practice, 
what especially applies to asset-specific engineering data 
(Asmar et al. 2022; Hellenborn et al. 2023). This is espe-
cially due to the manual data entry during the construction 
and commissioning phase and the need for manual verifi-
cation of Facility Managers (Klein et al. 2012).  

1. In order to define the necessary data in the as-built
model, it is necessary to unambiguously and clearly
define the owner requirements, specially through ex-
change information requirements (EIR) and Asset
Information Requirements (AIR). Research studies
show, that the client’s requirements are often not
clear and specified (Hellenborn et al. 2023). Further-
more, the requirements change from client to client
(Di Filippo et al. 2021).

2. In addition to that, especially for Construction Man-
agers the usage of BIM software tools is often not
common. Actually, the Construction Managers are
using specific tools, such as MS Project or ERP to
manage their processes as well as MS Office prod-
ucts, such as Word or Excel. This particularly ap-
plies to medium-sized companies (Lauer 2021).

3. The needed information is stored in documents,
which are handed over in paper form or as a digital
file. In particular, smaller craft businesses that work
as subcontractors hand over their documents in pa-
per form, which leads to a high documentation effort
(Hausmann et al. 2022).

Actually, there is no connection between the delivery doc-
uments and the revision documents with the digital build-
ing model, although all needed information is stored in 
these two documents. Various studies focused on the pro-
cessing of geometry to develop an as-built model (e.g. 
(Klein et al. 2012)) or on the documentation of construc-
tion specifics, such as timetables (e.g. (Park und Cai 
2017)). The needed information for the asset owner and 
Facility Management are mostly not taken into account. 
Especially the information is not automatically read out of 
documents and assigned to objects in the model.  
Therefore, it is necessary to implement an IFC-based in-
terface, that enables the construction managers and their 
companies to automatically fill in all relevant data on the 
objects in the digital building model. By developing such 
an interface, the modelling of as-built models could be 
highly improved.  
Based on this, the Facility Management is able to transfer 
and use all data in their Computer Aided Facility Manage-
ment (CAFM) systems. This would lead to a better under-
standing of the building and improvements of efficiency 
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by the FM as well as an increasement of user satisfaction 
(Bartels 2020). 

Literature Review 

Existing Solutions 

In order to evaluate the state-of-the-art of as-built models, 
existing solutions for data acquisition, data integration, 
and data visualization need to be analyzed. 
In recent years, various solutions for data acquisition for 
as-built models have been published. The earliest pre-
sented solutions are based on 3D laser scanning for build-
ing or geotechnical sites in order to generate geometric as-
built models (Su et al. 2006; Deruyter et al.). Based on 
that research, further solutions for the acquisition of geo-
metric data use advanced technologies, such as Autono-
mous Unmanned Aerial Vehicles, Imaging technologies 
or Augmented Reality were published (Omar und Nehdi 
2016; Freimuth und König 2019). Not only geometrical 
but also alphanumeric data was integrated in as-built mod-
els, such as construction dates or production data (Son et 
al. 2017; Son et al. 2015). The analysis of these case stud-
ies shows, that the processes are regularly done manually. 
One presented solution for automated as-built models are 
sensors (Moselhi et al. 2020). 
For data integration the solutions can be divided in solu-
tions that (1) use proprietary exchange formats and (2) 
that use the open exchange format of the Industry Foun-
dation Classes (IFC). Moretti et al 2020 use IfcSharedFa-
cilitiesElements for the integration of as-built data 
(Moretti et al. 2020). Also solutions for as-built-schedules 
are presented by using an integrated entity information 
model based on ID of attributes (Fagiar et al. 2023). 
For data visualization especially site photography is men-
tioned. Therefore, workflows were developed to efficient 
processing of unordered photos (Jadidi et al. 2015). This 
case study as well as the majority of the other case studies 
emphasizes that humans need to be trained and that hu-
mans are a central part for generating as-built models suc-
cessfully. Furthermore, the analysis shows, that especially 
the geometric aspect is in the foreground.  

Interoperability and Data Exchange standardization 

This case study focusses on open exchange standards. 
Therefore, it is necessary to analyze the Model View Def-
initions (MVD) that are defined in the IFC standard. Fur-
thermore, the state of the art of the Information Delivery 
Specifications (IDS) need the be analyzed. 
The MVD is used to define a subset of the IFC data and 
defines exchange requirements (buildingSMART interna-
tional 2024b). An IDS is a document, that can be interpre-
tated by a computer and defines how information are de-
livered in a project. It hereby combines IFC and other ex-
tensions, such as company specific properties or proper-
ties of the buildingSMART Data Dictionary (build-
ingSMART international 2024a). While the concept of 
MVD deals with the content that is relevant for software 
manufacturers (e.g. mapping the class hierarchy and the 
transfer of geometry) and is the basis for use-case based 
Software Certification, the concept of IDS defines the al-

phanumeric information content of models and is there-
fore the more relevant concept for users and as-built mod-
els, because it describes all data that is needed.  
One important definition for the handover to FM and 
therefore for as-built modeling are the FM-Handover-
Aquarium and the FM Basic Handover, that is defined as 
MVD in IFC 2x3. The MVD aims to define the handover 
of information from Design and Construction Phase to 
FM software, such as CAFM and CMMS (build-
ingSMART international). The MVD are based are based 
on the entities and Property Sets (PSet) in IFC. 
IFC is a central data format for IDS related to FM. Alt-
hough there is currently no separate FM domain in IFC 
4.3 (this still existed in IFC 2x3), the entities, such as 
• Shared Facilities Elements – IfcInventory, IfcFurniture,

IfcAsset and IfcOccupant
• Shared Management Elements – IfcActionRequest,

IfcOccupent, IfcOrderAction, IfcProjectOrder, IfcPer-
mit, IfcCost, IfcCostSchedule, IfcWorkCalendar,
IfcWorkPlan, IfcTask and IfcEvent.

and Property Sets, such as, PSet_ProjectOrderMainte-
nance-WorkOrder, PSet_Utility, PSet_Warranty or 
PSet_ActionRequest are integrated for FM in IFC. There 
are also other class-specific PSets, quantity sets and other 
attributes relevant to FM. The classes defined in IFC are 
particularly suitable for describing as-built data. These 
can be used to fundamentally describe the building and 
the associated technical systems. There are also individual 
classes that can map FM process data (Bartels 2020; Bar-
tels und Wimmer 2024).   

Methodology 

In order to implement an interface that allows an auto-
mated filling of the missing attributes from the as-planned 
state to the as-built state by taking IFC and IDS into ac-
count, four steps were taken. These steps are shown in 
Figure 2. 

Figure 2: Methodology of this paper 

First, workshops were conducted with Developers, Con-
structors, Planners and Facility Managers in order to get 
to know the needed attributes and the state-of-the-art. Sec-
ondly, data standards were analyzed to develop data spec-
ifications, with whom it is possible to filter the needed 
data out of documents and to transfer the needed data into 
an IFC-file by applying IDS. Thirdly, an interface was 
programmed and implemented to transfer the files. 

Step 4:
Implementing and validating a proof-of-concept

Step 3:
Programming of an interface for data transfer

Step 2:
Analysis of Data Standards

Step 1:  
Workshops with Project Developers, 
Constructors and Facility Managers 
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Fourth, the programming and the process was imple-
mented in a proof-of-concept to validate the program-
ming, its acceptance and to analyze the results. 

Data Analysis 

Evaluation of the basis for information exchange 

To implement an interface for transferring data and infor-
mation from delivery and revisional documents to the dig-
ital building model by using IFC, the Exchange Infor-
mation Requirements and Asset Information Require-
ments were evaluated with workshops. 
Therefore, all in all 9 workshops were conducted, respec-
tively 3 workshops with project developers and owners, 3 
workshops with construction companies and 3 workshops 
with FM companies. The workshops took place from June 
2023 to September 2023 and were conducted in person as 
well as online.  
The workshops showed, that as-built models are more and 
more requested in building projects. In most of the cases, 
IFC is asked as exchange format for as-built models. But 
also proprietary formats (especially Revit) are requested. 
Furthermore, the workshops showed, that there is a need 
for the automated reading and transferring of information 
out of delivery and revisional documents to the digital 
building model. Especially the project developers stated, 
that this would improve the information exchange across 
the whole lifecycle and would perfectly fit to their aim of 
having as-built data for all developed building. For the 
Construction companies, the linking of documents and the 
digital building model also offers opportunities and is 
viewed positively; in addition, the aspect of a possible 
tracking of deliveries and thus a should-is comparison is 
emphasized as an advantage. 
Lastly, the workshops aimed to evaluate the needed infor-
mation of the stakeholders. The project developers stated, 
that the EIR and AIR are still not finalized and change 
slightly in the projects. The same effects are stated by the 
construction and FM companies. This often causes in-
complete or wrong information in the as-built models due 
to missing definitions of the EIR and AIR in contracts. 
Therefore, some of the construction and FM companies 
developed their own AIR and EIR. Although the AIR and 
EIR vary slightly, the experts stated, that the information 
requirements are usually based on the Construction-Oper-
ations Building information exchange (COBie) or the 
German standard CAFM-Connect (CC). Especially CC is 
used in most of the projects as basis for the Information 
Requirements. An analysis of these exchange formats is 
shown in the next section. 

Relevant Exchange formats 

Due to its complexity, IFC is not specific and fully suita-
ble transferring and storing FM data throughout the lifecy-
cle of a building (Yalcinkaya und Singh 2019). Therefore, 
formats have been developed to transfer FM data properly 
and to get as-built models. As shown in the next section, 
the IFC-based exchange formats CAFM-Connect and 
COBie are the most mentioned formats for the delivery of 
as-built models. The workshops showed, that the EIR and 

AIR are based on the attributes mentioned in these two 
standards.  
COBie was developed in 2007 by Bill East form the 
United States Army Corps of Engineers (Lavy et al. 
2019). The format uses spreadsheets to transfer BIM in-
formation from the Design and Construction process to 
FM (FM Handover). COBie defines three types of infor-
mation delivery, one for information, that is created by 
designers, one that is created by contractors and one that 
is created by both of them. Hereby COBie defines infor-
mation requirements for spatial and equipment assets 
(East 2013).  
CAFM Connect is a German IFC-based initiative of vari-
ous CAFM vendors. CC aims to capture the data collected 
in the Design and Planning phase and transfer it in a usa-
ble way into CAFM systems (Verband für die Digitalisie-
rung im Immobilienbetrieb, CAFM RING e. V. 2019). 
Therefore, various lists were developed, to define all rel-
evant data for the building objects, e. g. based on the Ger-
man standard DIN 276 (Otto und Bartels 2018).  
In the following, a door will be used as example for the 
requested data in CC. IFC defines a door with the entity 
IfcDoor, a subtype of IfcProduct. Various Property Sets 
assign to the entity IfcDoor, such as PSet_IfcDoorCom-
mon, PSet_DoorLiningProperty. But also FM-data could 
be assigned by using PSet_Warranty, PSet_Manufacturer 
or PSet_MaintenanceStrategy (buildingSMART interna-
tional 2022). These attributes are the basis for CAFM 
Connect and further defined in the lists. An example for 
the standardized attributes of a door (IfcElement IfcDoor) 
is shown in Table 1.  

Table 1: Example of CAFM-Connect Attributes (ifcDoor) 

IfcEle-

ment 

DIN 276 Attribute Type 

IfcDoor 334.10 Door Stop IfcText 
IfcDoor 334.10 Number of wings IfcText 
IfcDoor 334.10 Automatic drive Ifc Bool-

ean 
IfcDoor 334.10 Year of manufac-

ture 
IfcReal 

IfcDoor 334.10 Description IfcText 
IfcDoor 334.10 DiBT approval 

number 
IfcReal 

IfcDoor 334.10 Hold-open sys-
tem 

IfcText 

IfcDoor 334.10 Fire resistance 
class 

IfcText 

IfcDoor 334.10 Escape door Ifc Bool-
ean 

IfcDoor 334.10 Manufacturer IfcText 
IfcDoor 334.10 Emergency exit 

lock 
Ifc Bool-
ean 

IfcDoor 334.10 Overhead door 
closer 

Ifc Bool-
ean 

IfcDoor 334.10 Opening type IfcText 
IfcDoor 334.10 Protection re-

quirement 
IfcText 
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Furthermore, CAFM Connect developed so called BIM 
profiles, in which relevant attribute for FM services are 
defined (Verband für die Digitalisierung im Immobilien-
betrieb, CAFM RING e. V. 2023). 

Development of an attribute list and process 

Based on these data exchange formats, a consolidated list 
of attributes for building objects has been developed. The 
following Figure 3 shows the attributes of a door, all 
based on the global unique identifier (GUID), as example 
and in which phase data is actually included in the model. 
It furthermore shows, that various stakeholders need to 
enter data throughout the lifecycle. At the beginning of 
the project, the planners (e.g., Architects) enter various 
planning data. These data are needed for tendering and 
awarding.  

Figure 3: Data entry throughout the lifecycle 

Based on that data, the Constructor execute his services. 
Due to the incomplete data and changes in the construc-
tion phase, it is necessary to enter further data. During the 

construction phase, the Construction Manager need to en-
ter various data to achieve an as-built model. Especially 
data about the manufacturer and the year of Construction 
as well as serial numbers need to be entered in the digital 
building model. Beside that data also data of the commis-
sioning is needed to receive an as-built model. Therefore, 
after the Commissioning additional data need to be en-
tered in the digital building model. These data are espe-
cially Commissioning Dates and data about the service 
provisioning for Facility Management.  
The remaining data is entered during the O&M phase of 
the building by the Facility Management and includes 
data about the service provisioning. These data could be 
transferred out of the CAFM system by using IFC. 
Especially the data, that need to be entered by the Con-
structors is a key success criterion. On the other hand, that 
data is often not fully entered in the digital building 
model. The workshops with the constructors showed, that 
the Construction Manager is not capable to enter all rele-
vant data due to 

1. a lack of knowledge regarding BIM, especially in
entering data

2. an insufficient hard- and software equipment on the
construction site,

3. especially a lack of time due to the task on the con-
struction site

4. belayed information of the sub-contractors due to
missing documents.

The numbers 1-3 could be solved by the suggested ap-
proach of this paper. Furthermore, number 4 could also be 
solved, if the delivery of the documents is ruled in the 
contracts and the delivery of documents could even better 
be controlled. 

Development of an automated document-

based as-built model 

Based on the data standards and processes, an automated 
exchange process to receive an as-built model has been 
developed. 

Extraction of information on delivery documents 

Currently the technical capabilities of material suppliers 
vary substantially. Around 1 percent of suppliers can 
share delivery bills via an API with defined End Points 
that can be accessed from external parties. Approximately 
5 percent of material suppliers offer customer portals, 
where they upload electronically generated PDFs . The 
majority of suppliers, around 74%, are able to send scans 
or electronically generated PDFs of the delivery bills to 
an agreed upon mailing address. Only 20% of suppliers 
are not able to electronically transfer the delivery receipt. 
The only way for them to transmit the information is to 
bring the physical document to the construction site or 
send it via post. To mitigate this problem and enable all 
delivery receipts to be pushed into the digital workflow a 
scanning application on the construction site is unavoida-
ble. 
After each document is at least available as a digital pic-
ture the next step is to retrieve the information of the 
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scanned documents. This can already be done with com-
mon OCR applications ( to transform the scan into a ma-
chine-readable string. (Memon et al. 2020; Chaudhuri et 
al. 2017) After all documents are in machine-readable for-
mat the varying formats need to be mapped on one central 
standard. To guarantee a very high data quality this map-
ping is currently still done manually but large language 
models already show to be a great way to automate this 
task. An extract of a delivery bill of the example project 
is shown in Figure 4. 

Figure 4: Extract of the exemplary delivery bill 

IFC integration – Developing a process of automated 

as-built-documentation 

The process of automatic as-built documentation on the 
IFC model is represented by a two-track, interlinked 
workflow between the construction site ("on-site") and 
the material dispatcher ("off-site") and is shown in Figure 
5. As in the conventional workflow, the construction site
is the starting point: The site manager or foreman deter-
mines the time of a material delivery. For this purpose, a
task is created in a model-based construction management
software, which consists of the following information: (1)
time of delivery (date and time), (2) location of delivery
(linked components or GUIDs), (3) product specifications
(e.g., compressive strength of the concrete), and the (4)

order quantity (e.g., m3 of the delivery). While infor-
mation (1) and (2) is entered individually by the ordering 
party, (3) can be read from the stored IFC file and thus 
pre-filled for the order. The construction site management 
would then only have to send the order information in the 
next step after checking the order. The order information, 
including the linked GUID(s), is then automatically sent 
via an interface (API) to the ERP system of the dispatcher, 
who checks the incoming order electronically and releases 
and picks the goods accordingly. After the final check, the 
physical delivery process can be started while the infor-
mation flows back into the construction site management 
software via the updated delivery information in the ERP 
system. This means that the status of the delivery is visible 
at all times, as well as the expected time of arrival (ETA) 
and the underlying material information. When the deliv-
ery finally arrives and all materials have been delivered as 
ordered, the delivered and thus installed material infor-
mation must be integrated back into the building model. 
There are two possible ways of doing this: using ML, as 
described in the section before, or sending delivery bills 
electronically. If the information contained in the delivery 
bill cannot be transferred from the dispatcher's ERP sys-
tem to the construction site management software via the 
interface, the delivery bill would have to be scanned man-
ually on site. The use of ML allows the automatic capture 
and evaluation of the information depicted on the delivery 
bill and thus the transfer into a digital format. By match-
ing the previously placed digital order and uploading the 
delivery bill, the delivery bill can be subsequently linked 
to the order and thus to the underlying GUIDs. Ideally, 
however, the use of a paper-based delivery bill should be 
avoided anyway.  
In this case, the delivery bill would be sent digitally via 
API when the physical materials are dispatched. The pre-
viously placed order is linked to the components, making 
it easy for the construction site team to compare them 
when goods are received for verification purposes. 
Once the information on the delivery bills has been suc-
cessfully processed electronically, the semantic interoper-
ability of the collected information is permanently guar-
anteed. This is due to the storage of the information in a 
model-based and document-oriented NoSQL database 
management system. Although this database system is in-
itially independent of the IFC standard, the export of the 
data from the software allows it to be converted into a 
wide variety of formats. Both API requests and the export 
as an IFC file itself access the database and convert it into 
the desired format with respective PSets.

Figure 5: Process of integrating information in BIM 
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Critical reflection on surplus value 

The process of automatic as-built documentation on the 
basis of model-based deliveries provides great added 
value, particularly for users on the construction site, but 
also for all other project stakeholders. The results show, 
that a majority of the demanded information (see previous 
chapters) could be filled in automatically by using OCR 
in combination with BIM. 
The proof-of-concept also shows, that the added value 
arises primarily in the following four areas for the con-
struction site: (1) order information, (2) communication, 
(3) documentation and (4) archiving.
Firstly, material information already contained in the
model does not have to be entered again when filling in
the order information. Instead, the quality and quantity
can be pre-filled and only needs to be checked before the
order is placed. In shell construction in particular, where
measurements are still taken using analog, laborious and
error-prone processes based on 2D plans, time savings of
over 60% (equivalent to around 2 minutes per order) can
be achieved for a typical order. Whereas previously, for
example, the length, width and height of foundations were
multiplied and then added together by number, the site
team now obtains this information by simply clicking on
the components.
Secondly, the information can subsequently be transmit-
ted electronically via an interface to the dispatcher's ERP
system. This process eliminates the need to prepare the
order information again (e.g., as a PDF for sending by e-
mail) or to call the material supplier. As a result, time sav-
ings of around 80% (equivalent to around 1 minutes per
order) can be observed.
However, the greatest added value for the construction
site comes from automated documentation. Today, man-
ual diaries ("delivery lists"), for example in the form of an
Excel spreadsheet, are created at great expense, particu-
larly for concrete but also steel deliveries. Almost all the
information typically contained there, such as the instal-
lation date, the delivery bill number, the quantity, the
component or the location, could be automated using the
process outlined above. What would currently require
time-consuming updating could be generated and pre-
filled at the touch of a button, leaving just one verification
process. Time savings of over 90% (equivalent to approx.
3 minutes per order) seem plausible.
Finally, the filing of delivery bills in physical orders or the
filing of scanned or digitally transmitted delivery bills in
digital folders is also overdue. Delivery bills would be au-
tomatically linked to the IFC model and made available to
everyone at any time via an interface to Common Data
Environments or billing software, without the need for
manual intervention. Time savings of almost 100%
(equivalent to approx. 1 minutes per order) can therefore
be realized.
For the construction site team alone, this results in a time
saving of 7 minutes per order and documentation process.
For a medium-sized construction project (roughly 5 Mio
EUR construction volume) with approx. 300 delivery bills
per months, resulting in roughly 10,000 orders, this would

mean 1,170 hours in total. Additional time and cost sav-
ings can be expected from the reduction in human error 
when planning and rescheduling orders, as well as from 
automatic version management and the resulting tracea-
bility of changes. Finally, there are possibilities for data 
analysis and evaluation, e.g., with regard to target/actual 
materials or CO2 values, which were previously unheard 
of or only possible with great effort, if a material database 
is connected accordingly.

Conclusion

This paper presented an automated approach to generate 
as-built models by using the BIM method in combination 
with OCR. It hereby combines an IFC-based model with 
information out of delivery documents. A process has 
been developed and implemented in a proof-of-concept. 
By doing so, the efficiency of the information exchange 
and maintenance has been increased in the proof-of-con-
cept. Furthermore, the automated exchange of infor-
mation – based on IFC – lead to a more precise delivery 
of the information, that were evaluated in the workshops 
with project developers and facility managers.
This paper is a first approach for automated as-built mod-
els, that was evaluated in practice. the PoC shows that the 
process outlined in this paper can be used to automate data 
enrichment from BIM models to as-built models, further 
research is needed. The PoC shows in particular, that not 
all relevant information for FM could be extracted of the 
delivery documents. That means, that further documents 
– especially the revisional documents – need to be inte-
grated in the process. In addition to that, the workshops
with the experts showed, that not all companies are using
digital delivery documents, but some still have delivery
bills in paper form. This makes it necessary to scan or
photograph the delivery documents. One solution is to use
other internal systems (such as ERP).
All in all, this paper shows, that the manual integration of
information could be reduced to a minimum by using
OCR or related systems. Furthermore, it shows, that all
relevant software systems, such as ERP-systems, need to
be connected to the digital building model in order to fill
in information automatically. Furthermore, PSets for IFC
should be developed to generate as-built models out of de-
livery bills.
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Abstract
Effective work package sizing and project scheduling are
essential problems in construction project management. In
current studies, they are often treated as separate optimiza-
tion problems. However, in practical situations where re-
sources are limited, there is a growing recognition of the
need to integrate these two processes to achieve more ef-
ficient and effective project management. This research
aims to fill this gap by developing an integer non-linear
programming model incorporating work package sizing
and project scheduling while considering resource limita-
tions. To evaluate the effectiveness of our model, we uti-
lized Gurobi optimization software to solve nine project
instances obtained from RanGen, each characterized by
its unique complexities. Furthermore, we analyzed the im-
pact of resource utilization on work package sizing and the
project schedule, and we found that both excessive and in-
adequate resource availability can increase project costs.

Introduction
Effective project scheduling is a crucial problem in project
management, as highlighted by several studies (Li et al.,
2018; Tsz Wai et al., 2023). This problem becomes even
more challenging in a resource-constrained environment,
where project tasks exhibit interdependencies in two key
aspects. Firstly, tasks compete for limited resources, and
sufficient availability of resources is essential for initiating
and executing construction tasks. Secondly, the project
workflow imposes precedence constraints, whereby cer-
tain tasks must be performed based on the completion
of specific scheduled tasks. These two interdependencies
are encompassed within the resource-constrained project
scheduling problem (RCPSP), which is widely recognized
and formalized in the project scheduling literature (Hart-
mann and Briskorn, 2022).
From a perspective of scheduling scope and complexity,
RCPSP can be categorized into two groups. The first group
is the resource-constrained single project scheduling prob-
lem (RCSPSP), which aims to optimize the schedule and
resource allocation for a single project to ensure timely
project completion. In RCSPSP, the scheduling process
is task-based, and each task to be scheduled has specified
work content, such as processing duration and resource re-
quirement, as well as an execution scope, such as prece-
dence relationships among tasks. The second group is the
resource-constrained multiple project scheduling problem
(RCMPSP), which involves coordinating and prioritizing
schedules across multiple projects that share common re-
sources. The objective is to balance the workload across
projects, ensure the timely completion of each individual

project, and achieve the overall goals of the project portfo-
lio (Issa and Tu, 2020).

With the implementation of the work breakdown structure
(WBS) method in the construction industry, the RCPSP
for construction projects has evolved into a work package-
based scheduling problem, which can be considered as a
complex extension of the RCPSP (Li et al., 2022). For
example, the production of a modular room can be de-
composed hierarchically into six work packages, includ-
ing structure production, door/window production, wall
production, print, electric service, and test, using WBS
tools for planning or scheduling (Liu et al., 2023). Each
work package typically consists of one or more elemental
tasks that are not further decomposed (Li and Hall, 2019).
Specifically, the work package for structure production
may include elemental tasks such as board production, 2D
assembly, and concrete curing. Therefore, in construction
projects, not only should the resource and precedence con-
straints be considered in the RCPSP, but the size of the
work package also has a significant impact on project per-
formance. Specifically, smaller work packages tend to in-
crease project complexity and workload while diminishing
economies of scale. Conversely, larger work packages re-
quire a higher allocation of resources, potentially straining
resource availability and leading to bottlenecks or delays.
Furthermore, as demonstrated by Blazewicz et al. (1983),
the RCPSP belongs to the category of strongly NP-hard
problems, presenting a significant challenge in obtaining
the optimal solution for RCPSP and acting as a bottleneck
for further improvements in project performance. By con-
sidering a more comprehensive set of influential factors in
the RCPSP, there is potential to enhance project manage-
ment capabilities and improve the efficiency of resource
utilization.

Work package sizing has garnered considerable attention,
with studies demonstrating the significance of optimiz-
ing work package size to reduce project costs (Li and
Hall, 2019; Li et al., 2021b). This optimization encom-
passes various factors, including minimizing costs associ-
ated with inaccurate estimation, monitoring, and control
of work packages. Moreover, the sizing of work packages
has implications for the project’s economies of scale and
discounted cash flow, further emphasizing the importance
of this optimization in cost reduction endeavors (Liu et al.,
2023).

While the optimization of work package sizing has en-
abled a trade-off among multiple objectives, there are still
limitations in current studies that hinder the improvement
of project performance. One limitation is that the work
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package sizing process often takes place during the ini-
tial planning stage of a construction project, without con-
sidering detailed task information such as task durations,
resource requirements, and precedence relations among
tasks (Li et al., 2023). However, resource constraints are
common in construction projects and significantly impact
the feasibility and effectiveness of work packages (Li et al.,
2021a). This can lead to the creation of unsatisfactory
project schedules during the project scheduling stage, ul-
timately resulting in poor project performance. Moreover,
the work packages in RCPSP are predetermined and do not
allow for splitting or recombination, limiting the flexibility
of project managers to schedule work packages and effec-
tively utilize resources in the project scheduling stage (Du
et al., 2021).

To summarize, work package sizing and construction
project scheduling are interdependent activities that should
be considered simultaneously to mitigate project delays,
cost overruns, and disruptions, particularly in resource-
constrained and uncertain project scenarios. Work pack-
age sizing involves grouping tasks into cohesive work
packages, which determine the resource requirements and
processing time. These factors then influence scheduling
decisions and the overall project cost. Project scheduling
decisions, in turn, have a significant impact on resource
availability, which affects the feasibility of work package
splitting and recombination (Pellerin et al., 2020). By
integrating work package sizing and project scheduling,
project stakeholders can bettermanage resources, optimize
project timelines, and mitigate potential bottlenecks or re-
source conflicts (Zaman et al., 2021).

However, most studies treat work package sizing and
project scheduling as separate problems, neglecting the in-
terrelationship between them in resource-constrained con-
struction projects. To the best of our knowledge, no re-
search to date provides an integrated resource-constrained
project scheduling and work package sizing method while
considering the interrelationship between them. There-
fore, it is crucial to propose a new integrated method that
combines work package sizing and project scheduling un-
der resource and precedence constraints to reduce project
costs while improving resource efficiency (Zhang et al.,
2024).

To address the existing research gap, we present a joint
model for project scheduling and work package sizing
that takes into account both precedence and resource con-
straints. Our proposed approach makes the following con-
tributions: 1) For the first time, we introduce an inte-
grated model that considers the interplay between project
scheduling and work package sizing. 2) To validate the
effectiveness of our model, we conducted various exper-
iments using Gurobi with nine project instances obtained
from RanGen. 3) We analyze the impact of resources on
project schedule and work package size by changing avail-
ability.

Methodology
Assumptions

• We assume that the project has been planned into a
given set of tasks that are elemental. That is, no fur-
ther breakdown of those tasks is possible for reasons
that may be technical, logistical, financial, adminis-
trative, or cultural.

• Only the active tasks can be grouped into a work
package due to the specific role in the construction
project.

• Considering the mass production in real scenarios
(e.g., reduction in set-up time, material preparation,
mass workforce, and new production tech), lag time
is considered among tasks that are grouped into the
same package, while the package-to-package is still
regarded to be hard precedence-constrained.

Problem Modeling
Consider an task-on-node (TON) project network descri-
bed by G(N,A,W ), where N denotes a set of tasks in the
project (N = {0,1,2, . . . , n̄, n̄+1, ..., n̄+m, n̄+m+1}).
Each activity has a given work duration di ≥ 0, i ∈ N and
given work content xi ≥ 0, i ∈ N. We assume that there
are K types of renewable resources, and each resource k
∈ {1,2,3, ...,K} has a limited capacity ak available.
When a task i is executed, its requirement for resource
type k ∈ {1, ...,K} at each time period is a fixed integer
ri,k ≥ 0. Tasks 0 and n̄ + m + 1 are the dummy start and
end of the project ((Task0,Taskn̄+m+1) ∈ NDummy),
whose process duration, work content and required
resource are both 0. More specifically, let NA = {1, ..., n̄}
denotes the active tasks that can be grouped into work
packages, while NI = {n̄ + 1, ..., n̄ + m} is the inactive
task set, which can only be regarded as single work
package due to several fac-tors, such as the responsibility
assignment, internal cohe-sion or risk control (Li and
Hall, 2019); thus we can get that N = NA ∪ NI ∪ NDummy.
A represents a set of precedence relationships among
tasks, (A ⊆ N × N), if (i, j) ∈ A that means Task j cannot
start before Taski is finished. W is the set of weights on
the arcs that denotes the minimum time lags between
tasks grouped into a single work package, W = {δi, j ≥ 0|
(i, j) ∈ A}. When si − s j > δi, j,(i, j) ∈ A is satisfied, the
Taski can be conducted, where si and s j are the start times
of tasks i and j,respectively. More specifi-cally, (1) if δi, j
= 0, then tasks i and j can be completely overlapped, i.e.
they can be executed in parallel; (2) if di ≥ δi, j, then
tasks i and j can be partially overlapped, i.e. activity j can
only begin after activity i has been in ex-ecution for at le-
ast δi, j time units; (3) if δi, j ≥ di, then tasks i and j are
executed sequentially, i.e. activity j can only begin after
activity i is completed. Figure 1 presents an example
illustrating the above three cases of activity overlap,
namely, complete overlap, partial overlap, and no overlap
with respect to two tasks. These variables and additional
notation are summarized in Table 1.
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Figure 1: The lag time of the tasks.

The Objective Function
In this study, we adopted a combination of objectives (min-
imize the total project makespan and project cost) to opti-
mize the work package sizing and work package schedul-
ing in a resource-constrained environment (Li and Hall,
2019). Assuming that all the tasks are ready to be allocated
to a total of n̄+m work packages, the objective function
can be expressed as follows:

Minimize J = λFt +(1−λ )Fc, (1)

Fc = ω(p+m)+
n̄+m

∑
j=1

F(Xw j)+ξ
n̄+m

∑
j=1

Xw j(1− e−αCw j ),

(2)
Ft = Max(Cw j), ∀ j ∈ {1,2, ..., n̄, ...n̄+m} (3)
F(Xw j) = f (Xw j)+g(Xw j)+h(Xw j),

∀ j ∈ {1,2, ..., n̄, ...n̄+m} (4)

where Fc and Ft are the project cost and makespan, and
λ is the weight of the time part. For the most part, p ∈
{p̄, p̄+ 1, ..., n̄+m} is the number of work packages that
contain at least one task, where p̄ is the lower bound for
any feasible solutions that can be derived from the theory
of critical path. ω is the fixed cost of the work package
and Xw j is the jth work package’s work content. Cw j is
the complete time of the jth work package. We model the
cost of inaccuracy in time estimation of a work package
as function f (Xw j), the cost for monitoring and control-
ling the progress of the work package as function g(Xw j)
and the economies of scale from repetition and similarity
of tasks within a work package as function h(Xw j), which
are functions of the work packages’ work content. Addi-
tionally, work package sizing poses impacts on cash flow,
which is modeled as ξ ∑n̄+m

j=1 Xw j(1−e−αCw j ), where ξ and
α are parameters for cash flow cost function.

Work Package Sizing Constraints
work package sizing is conducted based on the structure
of the given activity network and relies on the require-
ment that the network of work packages cannot contain
cycles (Lambrechts et al., 2008). Additionally, the ac-
tive tasks need to be allocated to the work package PA ∈
{1,2,3, ..., n̄}, while the inactive tasks should be allocated

to PI ∈ {n̄, n̄+ 1, ..., n̄+m}. bi, j is the decision variable,
which is 1 if activity i ∈ N is allocated to work package
j ∈ PA ∩ PI , and 0 otherwise. The work package sizing
constraints are as follows:

bi, j +bi′, j ≤ 1, ∀i, i′ ∈ NA,

∀i′ ∈
∪

i′′∈Succ(i)∩NI

Succ(i′′),∀ j ∈ {1,2,3..., n̄} (5)

bi, j +bi′, j ≤ 1, ∀i, i′ ∈ NA,

∀i′ ∈
∪

i′′∈Pre(i)∩NI

Pre(i′′), ∀ j ∈ {1,2,3..., n̄} (6)

bi′, jbi′′, j ≤ bi, j, ∀i, i′, i′′ ∈ NA,

∀i′ ∈ Succ(i), ∀i′′ ∈ Pre(i), ∀ j, j′ ∈ {1, ..., n̄} (7)

∑
j∈PA

bi, j = 1, ∀i ∈ NA (8)

∑
j∈PI

bi, j = 1, ∀i ∈ NI (9)

∑
i∈NI

bi, j = 1, ∀ j ∈ PI (10)

z j = max{bi, j}, ∀ j ∈ PA, ∀i ∈ NA (11)
p = ∑

j∈PA

z j, (12)

Xw j = ∑
i∈N

bi, jxi, ∀ j ∈ {1, ..., n̄+m} (13)

rw j ,k = ∑
i∈N

bi, jri,k, ∀ j ∈ {1, ..., n̄+m}, ∀k ∈ K

(14)
bi, j ∈ {0,1}, ∀i ∈ N, ∀ j ∈ {1, ..., n̄+m} (15)
z j ∈ {0,1}, {∀ j ∈ 1,2, ..., n̄+m} (16)

where constraints (5)-(6) refer to that if an inactive task i′′

is a predecessor/successor of activity i, then no predeces-
sor/successor of task i′′ should be grouped into the same
work package with activity i. Constrain (7) shows that any
pairs of a predecessor and a successor activity of active
activity i are not allowed to be grouped into a single work
package while without activity i. Otherwise, there will be
a cycle in the work packages network. constraints (8)-(10)
represent that an active/inactive activity can only be allo-
cated to an active/inactive work package, and each inactive
work package only contains a single inactive task. We il-
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Table 1: Nomenclature

Notaion Explanation

N The set of project tasks.
NA The set of active tasks.
NI The set of inactive tasks.
NDummy The set of dummy tasks.
K The set of resource types.
T The set of time.
PA The set of work packages for active tasks,PA = {1,2,3, ..., n̄}.
PI The set of work packages for inactive packages, PI = {n̄+1, n̄+2, n̄+3, ..., n̄+m}.
di Duration of task i ∈ N.
ri,k The quantity of required resource k ∈ K for task i ∈ N.
δ (i′, i) Time lag between task i ∈ NA and task i′ ∈ NA.
ak The initial quantity of resource k ∈ K.
ck The cost of each unit of resource k ∈ K.
xi Work content of task i ∈ N.
bi, j 1 if task i ∈ NA is allocated to active work package j ∈ PA; 0 otherwise.
qi,t 1 if task i ∈ N starts at time t; 0 otherwise.
a j,t 1 if work package j ∈ PA ∩PI is processed at time t; 0 otherwise.
z j 1 if active work package j ∈ PA is not empty; 0 otherwise.

lustrate the relationship between the active tasks and the
active work packages in Constraint (11) and Constraint
(16). If some active tasks are grouped into active work
package j, z j is 1, which means that the active work pack-
age is not empty, and 0 otherwise. Constraint (12)-(14)
shows that we can get p effective active work packages that
are not empty, and the work content and the resource re-
quirement of these work packages are the sum of the tasks
in the corresponding work package. Constrain (15) shows
that bi, j is a binary decision variable.

Work Package Scheduling constraints
Assuming that the project is conducted within T ∈
(Tlower,Tupper) time units, where Tlower and Tupper are the
lower bound and upper bound of a project. They can be
estimated by the project’s activity graph. Taking into ac-
count the presence of precedence and resource constraints
both amongwork packages and tasks within the samework
package, we outline the following work package schedul-
ing constraints: ________________________________

∑
t∈T

tqi,t = si, ∀i ∈ N (17)

∑
t∈T

qi,t = 1, ∀i ∈ N (18)

si ≥ bi′, jCw j(1−bi, j), ∀i ∈ N,

∀ j ∈ PA ∪PI , ∀i′ ∈ Pre(i) (19)

si ≥ bi, jbi′, j(si′ +δ (i′, i)), ∀i ∈ NA,

∀ j ∈ PA, ∀i′ ∈ Pre(i)∩NA (20)
ci = di + si ∀i ∈ N, (21)
Sw j = min{sibi, j}, ∀i ∈ N, ∀ j ∈ {1, ..., n̄+m} (22)
Cw j = max{cibi, j}, ∀i ∈ N, ∀ j ∈ {1, ..., n̄+m}

(23)

a j,t = ∑
i∈NI

t

∑
t ′=t−di+1

bi, jqi,t ′ , ∀ j ∈ PI (24)

∑
i∈NA

t

∑
t ′=t−di+1

bi, jqi,t ′ −Ma j,t ≤ 0, ∀ j ∈ PA (25)

ak ≥
n̄+m

∑
j=1

rw j ,ka j,t . ∀t ∈ T (26)

qi,t ∈ {0,1}, ∀i ∈ N (27)
a j,t ∈ {0,1}, ∀ j ∈ PA ∩PI] ∀t∈T (28)

where the variables si and ci represent the starting time and
completion time of activity i, while Sw j and Cw j represent
the starting time and completion time of work package j,
respectively. The decision variable qi,t in constrain (17)
corresponds to the start processing time of the ith activ-
ity, taking a value of 1 if activity i starts at time t, and 0
otherwise. Constraint (17) indicates that task execution
is non-preemptive. Once a task starts at time t, it will
continue without interruption until the task is complete.
Constraints (19)-(20) enforce precedence constraints on
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the start time of task i. More specifically, constraint (19)
ensures that task i can only begin after all the predeces-
sor work packages have been completed. Constraint (20)
specifies that the start time of activity i within work pack-
age j must not exceed the start time of the preceding ac-
tivity within the same work package, and any required lag
time must be satisfied prior to execution. Constraints (22)-
(23) indicate that the starting and completion times of the
work package are determined based on the earliest and lat-
est starting and completion times of the tasks within that
work package. Specifically, constraint (22) specifies that
the starting time of the work package cannot be later than
the earliest starting time among its tasks. On the other
hand, constraint (23) ensures that the completion time of
the work package is not earlier than the latest completion
time among its tasks. After that, constraints (24)-(26) give
the resource constraints for the work packages. a j,t is 1
if any tasks in work package w j is processing at time t, 0
otherwise. Constrain (24) gives a j,t for inactive work pack-
ages while constrain (25) gives it for active work packages
using the big-M method. Constraint (26) illustrates that
the amount of resources ∑n̄+m

j=1 rw j ,ka j,t needed by all the
executing work packages at any time t should not exceed
the current amount of available resources ak.

Experiments and Analysis
This section validates the effectiveness of the proposed
work package sizing and scheduling model with nine
projects from Rangen (Demeulemeester et al., 2003; Van-
houcke et al., 2008). These nine projects are categorized
into three types, each consisting of a different number of
tasks: 10, 20, and 30, respectively. The experiments are
conducted using Gurobi 11.0 optimization software and
executed on a PC platform running the Windows 11 64-
bit operating system, Intel i9-13900KF processor.

Validation of Our Model
To obtain the nine projects, we first generate the task net-
works using RanGen2 with the following network mea-
sures:

• Network size indicator I1: the number of the tasks
including the active tasks and inactive tasks.

• Serial or parallel indicator I2: I2 = (η −1)/(I1 −1),
where η is the depth of the network, and 0 ≤ I2 ≤ 1.

• Resource factor RF: an indicator of average resource
availability

RF =
1

nK

n

∑
i=1

K

∑
k=1

{
1, if rik > 0
0, otherwise

• Resource strength (RS): an indicator of re-
source availability at the peak time, where
rmin

k = max{ri,k},∀i ∈ N and rmax is the peak
requirement of resource k ∈ K in a schedule with the
precedence constraints

RSk =
ak − rmin

k

rmax
k − rmin

k
(29)

If the value of I2 approaches 1, the generated network ex-
hibits characteristics similar to a serial network, where
tasks are sequentially executed. Conversely, if I2 ap-
proaches 0, the network resembles a parallel network,
where all tasks can be executed simultaneously. RF rep-
resents the typical distribution of resource types that are
requested by each activity, while RS serves as a metric
for assessing the level of complexity involved in schedul-
ing a project that is constrained by limited resources. As
for the remaining network measures of RanGen, we uti-
lize their default settings to ensure consistency and com-
parability in our analysis. We have defined the following
parameters for the three groups of project instances: Ii is
set to {10,20,30}, I2 is set to {0.8,0.8,0.8}, RF is set to
{0.4,0.4,0.4}, RS is set to {0.2,0.2,0.2} and K = 4. To
evaluate the performance of our model, we have generated
three test instances for each group, resulting in a total of
nine instances. In accordance with the work by Li and
Hall (2019), we have set the discount rate as α = 0.00025,
and used values of λ = 0.5,ω = 50, ξ = 50, f (x) = 3x0.8,
g(x) = h(x) = x1.2, to define our objective function. Al-
though Gurobi is more proficient in solving linear models,
our problem includes a nonlinear objective term. How-
ever, by introducing auxiliary variables, we can still utilize
Gurobi to solve it.

The results of the nine projects fromRanGen are presented
in Table 2. In Group 1, each project instance consists of
10 tasks (nodes), with 8 active tasks and 2 inactive tasks.
All experiments for this group were completed within 520
seconds, yielding objective values of 317.31, 325.29, and
304.84 for Project 1, Project 2, and Project 3, respectively.
In Group 2, each instance comprises 20 tasks, with 14 ac-
tive tasks and 6 inactive tasks. However, the running time
for each experiment significantly increased, with Project 4,
Project 5, and Project 6 taking 15,007, 24,428, and 23,674
seconds, respectively. The corresponding objective values
for these projects are 516.16, 579.00, and 532.21. Projects
in Group 3 consist of 21 active tasks and 9 inactive tasks,
with a total of 30 tasks packaged into approximately 18
packages. Although we were able to achieve objective val-
ues of 815.70, 869.14, and 765.43 for Project 7, Project 8,
and Project 10, respectively Balouka and Cohen (2021).

Overall, the results of these experiments provide com-
pelling evidence to support the effectiveness of our mod-
eling method that integrates work package sizing and
scheduling in a resource-constrained environment. Addi-
tionally, our model takes into account the significance of
striking a balance between timely completion, reasonable
management cost, and maintaining a healthy cash flow in
real-world construction projects. This is demonstrated in
Table 2, where the makespan is included as part of the ob-
jective. By incorporating these relevant practical consider-
ations, our model offers a more comprehensive and realis-
tic solution for effectively managing construction projects
in real-world scenarios.
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Figure 2: The initial structure of project 1 in group 1.

Figure 3: The work packages in the environment with 10 units of resource.

Figure 4: The work packages in the environment with 20 units of resource.

Figure 5: The work packages in the environment with 30 units of resource.

Figure 6: The work packages in the environment with 50 units of resource.
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Table 2: Solutions of the nine projects via Gurobi

Indicator Group 1 Group 2 Group 3

P 1 P 2 P 3 P 4 P 5 P 6 P 7 P 8 P 9

Node 10 10 10 20 20 20 30 30 30
NodeA 8 8 8 14 14 14 21 21 21
NodeI 2 2 2 6 6 6 9 9 9

Runtime 131 520 473 15007 24428 23674 98078 107645 188763
Packages 8 8 8 11 12 12 18 17 18
Makespan 41 39 30 75 88 56 105 89 98
Objective 317.31 325.29 304.84 516.16 579.00 532.21 815.70 869.14 765.43

Sensitivity Analysis
Given the significant impact of resource availability on the
work package sizing and scheduling process in our prob-
lem, we conducted a sensitivity analysis to further inves-
tigate this relationship. During the sensitivity analysis,
we systematically varied the resource availability levels
with project 1 in group 1 (with resource {10,10,10,10},
{20,20,20,20}, {30,30,30,30} and {50,50,50,50}) and ob-
served the corresponding changes in work package sizes.
Figure 2 illustrates the initial structure of the tasks, while
Figure 3 shows the work package structure under an en-
vironment with 10 units of each type of resource. Due to
the limited resource availability, it is not feasible to group
tasks into a single package. As a result, the work package
structure remains the same as the initial one.
As the resource availability increases, more tasks can be
grouped into packages. In Figure 4 and Figure 5, where
there are 20 and 30 units of resources respectively, we ob-
serve the presence of 8 packages, with each package ac-
commodating a maximum of 3 tasks. Figure 6 demon-
strates a scenario where resource availability is no longer
a constraint. This allows tasks to be packaged as long as
the precedence constraints are satisfied. As a result, the
number of packages is minimized. Overall, these figures
highlight the impact of resource availability on the work
package structure. With limited resources, fewer tasks can
be grouped together, resulting in a larger number of pack-
ages. However, as resource availability increases, more
tasks can be efficiently packaged, leading to a decrease in
the number of packages.

Figure 7: The comparisons of the makespan and objection.

Figure 7 presents a line graph showcasing the relation-
ship between the objective function and makespan as the
resource availability varies. As the resource availability
increases from 10 to 30, the objective function shows a
declining trend, decreasing from 440 to 290. This indi-
cates that with more resources allocated, the total project
cost decreases, reflecting improved efficiency and cost-
effectiveness. However, when the resource availability
reaches 50, the objective function starts to increase, reach-
ing a value of 305. This suggests that excessive resource
allocation beyond a certain point can lead to resourcewaste
and increased project costs. Therefore, it is crucial to de-
termine the appropriate level of resource availability that
strikes a balance between cost reduction and resource uti-
lization. In contrast, the makespan shows a declining trend
as resource availability increases. This means that with
more resources, the project duration or completion time
decreases. This aligns with the intuition that additional
resources enable tasks to be completed more quickly, re-
sulting in a shorter overall project duration.

Conclusions
This paper presents an integrated model that addresses
the challenges of work package sizing and scheduling in
resource-constrained construction projects. To validate the
effectiveness of our model, we utilized Gurobi, a power-
ful optimization solver, to search for optimal solutions,
which demonstrates our model’s effectiveness. Further-
more, we conducted an analysis to investigate the influ-
ence of resource availability on the work package sizing
and scheduling process. By considering different resource
levels, we find that proper resources are crucial for reduc-
ing the project’s cost. However, solving our problem us-
ingGurobi is time-consuming and not suitable for practical
applications. In the future, we plan to develop algorithms
that can efficiently solve our problem.
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Abstract 

The Construction sector faces a pressing need for whole 
life cycle sustainable material management. This paper 
presents the development of a theoretical framework for 
Dynamic Material Passports. Existing literature identified 
that Material Passports concept is new, lacking real-time 
updates and standardized methods with limited data and 
accuracy. Additionally, the current extensive manual 
input process discourages adoption. The framework, 
aligned with the ISO19650 standard, encompasses vital 
material information, environmental metrics such as Life-
Cycle Assessment Data and Circularity Index, with real-
time updates. This innovative framework enhances whole 
life material management, empowering industry 
stakeholders to make more informed Design and 
Procurement decisions. 

Introduction 
The construction industry stands as a substantial 
contributor to environmental harm, encompassing issues 
like natural resource depletion, waste generation, and 
greenhouse gas emissions (MacArthur Foundation, 2022; 
UN, 2016). In response to these pressing challenges, there 
has been a growing emphasis on the adoption of circular 
economy principles in recent times. The Circular 
Economy (CE), as an economic model, is aims to 
maximize the utilization of resources, minimize waste, 
and reduce adverse environmental impacts (MacArthur 
Foundation, 2022) In this context, Dynamic Material 
Passports (DMPs) emerge as a promising tool within the 
Architecture, Engineering, and Construction (AEC) 
sector. 
In the Built Environment (BE), Material Passports (MPs) 
function as digital records, meticulously documenting the 
materials employed in construction, from their 
composition to their origin and location, throughout their 
lifecycle. This important information opens avenues for 
the efficient reuse, recycling, or repurposing of materials, 
significantly reducing waste, and promoting resource 
efficiency (Çetin, Straub, et al., 2022; Honic, Kovacic and 
Rechberger, 2019a, 2019b).  
Nevertheless, considering its potential, the deployment of 
MPs faces certain challenges, particularly lack of standard 
methods of creation, compatibility, and currently have 
static form, without real-time updates (Honic et al., 
2021)To address those obstacles, this research paper seeks 
to provide with a BIM-based framework for the 
development of DMPs, aligned with the information 
management processes described in EN ISO 19650, part 

2 for a BIM level 2 project, that will promote CE practices 
in the BE. BIM is a form of digital technology that 
involves the creation and management of a digital model 
of a building, which include both its functional and 
physical properties (Becker et al., 2018). When it is used 
during design, construction, and operational stages, it 
creates a detailed and simple to access record of the 
materials used (M. Honic et al., 2019). 
Hence, this research paper discusses the gaps based on the 
current state of MPs, the preliminary findings, and a 
proposed conceptual framework, which aims to fill the 
gaps identified from the literature review. The proposed 
framework involves four key stages: data collection, data 
management, data analysis, and data dissemination. 

Literature Review 

MPs and CE 

Over the pass years, the construction industry is 
experiencing a significant transformation, and the 
emerging concept of MPs plays a crucial role to it (Çetin 
et al., 2022b). They have the ability to significantly 
improve resource management processes and the same 
time to simplify the transition of the BE to a CE 
perspective (Honic et al., 2021, 2019a, 2019b; Soman et 
al., 2022).  
MPs, as comprehensive documentation systems, provide 
in-depth information about construction materials and 
products throughout their life cycle, covering details 
about their origin, characteristics, and environmental and 
sustainability attributes (Honic et al., 2019a; Kedir et al., 
2021) Some example of data that may be included in MPs 
are manufacturing information, physical properties, 
chemical or biological properties, quality of material, 
design related information, location and transportation 
information, disassembly/ deconstruction manuals and 
sustainability information, such as embodied carbon and 
Circularity Index (Stella et al., 2023). 
The Circularity Index or Indicator was developed by Ellen 
Macarthur Foundation (2016), as a tool for measuring the 
materials circularity, considering the amount of recycled 
material content the potential for reuse and recyclability 
of materials. It is calculated on the scale of 0% to 100%, 
with the higher percentage indicating the higher 
circularity. This indicator it can be used to assess the 
circularity of individual materials and products  (Ellen 
Macarthur Foundation, 2016). Similarly, Madaster, a 
Dutch company that developed a digital platform for 
producing MPs, developed the Building Circularity Index 
based on MacArthur’s Circularity Indicator, which 
measures the circularity of a building, taking into 
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consideration the amount of recycled materials used in a 
building (Madaster, 2018). 
Also, it was found that there are different levels of MPs 
(Çetin et al. 2023). At the product level, "Material-Level 
Passports" set the foundation, while at the “Building 
level”, specific design stages come into play (Çetin et al. 
2023a; Stella et al. 2023). During “Design for 
construction stage” detailed material specifications are 
introduced while at construction stage with 
documentation of “as-built” information is complied, and 
“in used” stage focusing on the operational phase with 
regular updates to the MPs. For “End-of-life” stage marks 
the identification of information crucial for the 
considerations (Stella et al., 2023).  
Historically, the BE has followed a linear economic 
model defined by resource consumption, use and disposal 
of building materials with the creation of significant 
amount of waste (MacArthur Foundation, 2022). Such an 
approach is both ecologically untenable as well as 
financially inefficient. Considering the current concerns 
about resource scarcity, deterioration of the environment, 
and global warming to move to a more circular and 
sustainable system for managing construction materials 
(Çetin et al., 2022a; Charef, 2022).  
Therefore, as a fundamental concept, CE aspires to reduce 
waste and increase resource efficiency by encouraging 
recycling, reuse, and repurposing of materials across their 
life span (MacArthur Foundation, 2022). It encourages to 
“close the loops”, from a linear economy to a more 
circular, in which items and materials are continuously 
refurbished, reused, and remanufactured, lowering the 
demand for raw materials and reducing the ecological 
effects of waste disposal (Pomponi and Moncaster, 2017). 
Also, the implementation of MPs in the BE is completely 
compatible with the CE principles (Çetin et al., 2023; 
Çetin, Straub, et al., 2022). They can assist in the tracking, 
control and optimization of the use of building materials 
(Atta et al., 2021; Honic, Kovacic and Rechberger, 2019a; 
Munaro and Tavares, 2021). Additionally, they can 
provide comprehensive information on each material used 
in a building, providing accurate and thorough 
documentation through the building’s entire life span. 
MPs can also assist stakeholders to make informed 
decisions about material procurement, selection and 
consumption with focus on sustainability and resource 
efficiency (Honic et al. 2019a; Munaro and Tavares 
2021). 

MPs and Building information Modelling (BIM) 

BIM constitutes an advanced technological method that 
effectively combines planning, design, construction, and 
asset management in the BE. This digital tool, which 
assist to the representation both the functional and 
physical features of building assets allow successful 
cooperation among stakeholders (Becker et al., 2018). 
Furthermore, BIM encourages transparency, 
collaboration, and decision-making based on data 
throughout the life circle of a building boosting 

sustainable practices and waste reduction (Pishdad-
Bozorgi et al., 2018; Sacks et al., 2018). 
The combined approach of BIM and MPs offer great 
potential for sustainable building practices, since it 
provides a digital basis for a detailed 3D model 
(Alshammari et al., 2021; Pehlken and Baumann, 2020; 
Shahzad et al., 2022). Hence, a BIM-based method of 
producing a MP can be employed to improve the building 
design by considering resource efficiency and detailed 
documentation of materials used. BIM is used as a 
resource of information regarding the material quantities, 
overall building geometry and location within the 
building, while linking secondary databases to obtain their 
physical properties and evaluate their environmental 
impact or recycling potential(Honic et al., 2019a).  
Additionally, the combination of MPs with BIM 
contributes to the successful collection and storage critical 
information on building materials increasing transparency 
and efficiency (Atta et al., 2021). A good example of that 
is a case study in Egypt, where a parametric BIM model 
permitted the automatic development of sustainable 
metrics for a residential building. This demonstrated that 
BIM improved the sustainability of the project through the 
use of resources efficiently, decreasing waste and 
enabling material monitoring for reuse (Atta et al., 2021). 
The BIM-based method takes use of the technologies 
capacity to integrate environmental impact evaluations 
via Life Cycle Assessment (LCA) via, giving a holistic 
approach to developing of sustainable buildings (Atta et 
al., 2021; Honic et al., 2019a; Kedir et al., 2021). 
Additionally, this combination can foster CE concepts in 
the BE by increasing transparency, traceability and 
accountability during the asset’s life cycle (M. Honic et 
al., 2019). 
LCA is a standardised method for assessing the 
environmental impact of a product, throughout its 
lifecycle and is based on ISO 14040, It includes 
greenhouse gas (GHG) emissions which is measured 
through Global Warming Potential (GWP). GWP is 
expressed in the equivalent amount carbon dioxide (CO2) 
(McGrady, 2022). Other indicators that are used in LCA 
are Acidification Potential (AP) measuring the potential 
of emissions to cause acidification, and ISO 14040 
describes that LCA is carried out in four steps: goal and 
scope definition, inventory analysis, impact assessment 
and interpretation (Muralikrishna and Manickam, 2017). 
However, BIM is more than 3D visual representation, 
they contain essential data about the   building’s structure 
and its elements (Volk et al., 2014). An effective 
exchange of information can be achieved through 
Industry Foundation Classes (IFC) (buildingSMART, 
2023). IFC was created by BuildingSMART as an open 
standard for transferring building data amongst different 
BIM tools. It also assures the compatibility and vendor 
neutrality, allowing project teams to use their preferred 
software while ensuring data usability (Jiang et al., 2019) 
IFC classes are also specified in ISO 19650 series as am 
appropriate format of storing the BIM model, due to 
interoperability (Earley Michael et al., 2022). Moreover, 
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Madaster platform, allows uploading the BIM model in 
IFC format, in order to produce MPs (Madaster, 2023). 

MPs and Artificial Intelligence (AI) 

The data compilation for creating MPs has been 
traditionally a time-consuming operation. As some 
researchers stated, manual procedures need precise data 
gathering, which is a laborious and inclined to errors 
(Honic et al., 2021, 2019a; Hunhevicz et al., 2023; 
Kovacic et al., 2020). Hence, they are an urgent need for 
standardized protocols and tools (Atta et al., 2021; 
Göswein et al., 2022) which created the ground work for 
Deep Learning (DL), a particular type of AI. DL 
specializes in optimizing and automating complex 
procedures in MPs development (Akanbi et al., 2020; 
Oluleye et al., 2023), providing immediate updates and 
precision across the building’s lifespan (Çetin et al., 
2022a). 
DL, was influence by the functions of human brain, 
emerging this way, as a transforming force in CE 
activities. Its forecasting ability is aligned with the 
requirements of sustainable material management (Lu and 
Chen, 2022), enabling the creation of a more sustainable 
BE adaptable to changing demands. Contrary, Machine 
Learning (ML), is based on algorithms that analyses and 
forecast based on data (Noman et al., 2022). ML is 
extremely useful for CE as it can assess material 
consumption patterns and foreseeing trends for enhancing 
resource (Çetin et al., 2023). Through sophisticated 
algorithms, both DL and ML provide possibilities for 
developing a circular BE, outcoming from technological, 
economic environment and social aspects (Akanbi et al., 
2020; Oluleye et al., 2023).  
The selection of an AI approach for developing an MP 
framework requires a considerable deliberation. Current 
research describes three approaches for developing MPs: 
the top-down, the bottom up and hybrid methods (Honic 
et al., 2021), that demand an extensive understanding of 
the building materials. As a result, such methods may be 
easier to be examined by DL given that they have higher 
accuracy, flexibility and capacity to handle large datasets, 
making it the best choice, enabling stakeholders taking 
better decisions.   

Current state of MPs 

The present form of MPs in the BE includes 
technological, economic, environmental, and social 
factors. Current studies proposed that a standardized 
method for generating and managing MPs, pointing out 
the need of uniformity and accessibility (Atta et al., 2021; 
Honic et al., 2019a). Several studies restate the need for 
consistent guidelines and protocols across the sector 
(Göswein et al., 2022; Negendahl et al., 2022). 
In respect to technological factors, current methods of 
creating MPs can be quite laborious. Their creation 
requires substantial time as it involves to extract material 
information from the BIM model to an excel file, collect 
information from material inventories and then manually 
input in the excel document, which will finally be linked 

back to the BIM model, using unique identifiers (Atta et 
al., 2021; Honic et al., 2019a; Kovacic et al., 2020).  
The implementation of MPs is also considered as 
economically feasible with possible cost decreases 
through material reuse (Smeets et al., 2019). Furthermore, 
significant economic benefits can be achieved through the 
digitalization of MP (Çetin et al., 2022a), in conjunction 
with the best practices (Heinrich and Lang, 2019). 
From an environmental perspective, MPs are touted as 
catalysts for sustainability, enabling high levels of 
material recycling (Honic et al., 2019b)s and stock flow 
modelling emphasize the potential to calculate circularity 
(Göswein et al., 2022; Negendahl et al., 2022). 
On the social front, transparency, accountability, and 
stakeholder engagement take centre stage. Digital 
platforms integrating MPs with stakeholder engagement 
are recommended (Hunhevicz et al., 2023; Kovacic et al., 
2020). The importance of stakeholder engagement, 
especially in the end-of-life stage of buildings, is 
highlighted (Honic et al., 2021). Additionally, local 
scenarios play significant role on the choice of sustainable 
construction materials, as evidenced by a case study 
suggesting that a building MP for wood construction 
system in Brazil, could significantly reduce the 
environmental impact of construction versus more 
conventional materials, such as a concrete and steel  
(Munaro et al., 2019). 

Gaps and Challenges 

MPs have great potential with their deployment in the BE 
although they are facing significant challenges. Their 
major disadvantage is their static form, that limit them to 
no frequent updates, that are necessary to accurately 
reflect real-time changes in a material’s composition, 
condition, and lifecycle, enabling informed decision 
making for sustainable resource management and end-of 
life strategies (Atta et al., 2021; Kovacic et al., 2020). 
Their stationary state compromises MPs’ adaptive 
perspective, in terms or real-time updates, reducing their 
level of accuracy and efficacy through sustainable 
material management. Due to that static nature and high 
level of manual input for updating material data also their 
inability of optimizing and automate processes reduce 
their long-term effectiveness (Atta et al., 2021; Honic et 
al., 2019a; Kovacic et al., 2020) .  
Another challenge for the development of MPs is the lack 
of a standardized methods for compiling MPs. MPs 
appear in a variety of formats, including paper-based and 
digital, with varied degrees of details, causing in 
inaccuracies and limiting sharing of data among 
stakeholders (Heinrich and Lang, 2019; Honic et al., 
2021). Developing a consistent approach for producing 
MPs is critical that contributes to the reduction of errors 
and ensuring that correct information is exchanged 
between the stakeholders such as AEC professionals, 
waste managing and material suppliers (Kovacic et al., 
2020).  
Another challenge that affects the implementation of MPs 
in the BE, is the insufficient incentives for their 
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implementation. MPs adoption is not adequately 
motivated by the current economic and regulatory 
frameworks, but also the BE gives higher priority to the 
speed and cost reduction rather than sustainability 
(Göswein et al., 2022). In order to promote the broad use 
of MPs, policymakers must provide regulations and 
incentives, such as tax reliefs or financing green 
procurement for sustainable construction (Smeets et al., 
2019). 
A further obstacle involves the quality, accessibility and 
data administration. All building materials have different 
origin, making it difficult to collect and maintain their 
specific data (Atta et al., 2021; Honic et al., 2019a). To 
guarantee the accuracy and accuracy of MPs data, 
improved data management systems and quality control 
techniques are required. Additionally, the environmental 
implications of building materials are frequently 
neglected, when implementing MPs. There is no 
assessment of the materials’ long-term environment 
impacts in the existing MPs frameworks (Heisel and Rau-
Oberhuber, 2020). To provide a thorough understanding 
about their environmental effects, using standardized 
methods for environmental assessments into MPs 
frameworks.  
MPs also face challenges related to the end-of-life state of 
buildings, such as disassembly or deconstruction 
instructions. Therefore, buildings are often thought to be 
demolished as the best solution, rather than carefully 
dismantled, leading to destruction of possible healthy 
reusable materials, creating this way construction waste.  
Hence, by integrating MP data into waste management 
strategies can help avoid unnecessary demolition and 
waste, preserving essential materials and resources 
(Honic et al., 2019b). Successful reuse and recycling 
necessitate improved coordination among stakeholders 
and waste management professionals. 

Methodology 

The present research provides a conceptual framework for 
Dynamic Material Passports (DPMs) using a strong 
approach based on in-depth literature review. The main 
emphasis is on analysing the present status of MPs in 
recent literature understanding the data needs for 
constructing MPs, defining how their features could be 
implemented in the DMPs in accordance with existing 
standards and finally identifying the gaps in the current 
state. The process entails a comprehensive literature 
review, followed by an inductive research approach to 
develop this conceptual framework. The framework is 
refined by a comparison of various MPs approaches, as 
described in “current state”. The compilation of 
qualitative data from different methodologies adds to a 
practical conceptual framework, providing useful insights 
for its future application in the BE. 

Proposed Conceptual Framework 

The conceptual framework intends fill the gaps for the 
static data of current MPs approaches and to address the 
tracking of the material differenced in terms of future 

retrofitting and refurbishment, through a project’s life 
circle (See Table 1). The emphasis will be initially on the 
creation pf DMPs at “Material level” with information 
that collected during the design stages. The DMPs will 
incorporate technologies such as BIM, GS1 barcoding 
standards and AI.  This strategy addresses will address 
towards the improvement of data accessibility, accuracy 
and regular updating thought the building’s life span. 

Table 1: “Current State” Vs “Future State” 

Feature Current State 
(MPs) 

Future State 
(DMPs) 

Definition Tracks and 
documents materials 
used in construction 
or manufacturing  

Real-time, digital 
tracking throughout 
the lifecycle 

Scope One-time 
documentation at 
construction/manufa
cturing 

Continuous 
monitoring and 
updates 

Data Update Static information; 
that cannot update 

Dynamic, allows 
real-time updates 

Tech. 

Integration 

Relies on traditional 
methods with 
substantial manual 
input 

BIM, AI, QR codes 

Use Snapshot for end-of-
life recycling/reuse 

Critical for asset 
management 
throughout life cycle 

In the context of this study, a BIM model for a proposed 
new building is generated as the initial step (Step 1, Fig.1). 
This involves creating a digital representation of the 
physical structure using BIM tools like Revit and adhering 
to the ISO 19650 for “BIM Stage 2” modelling guidelines. 
Clause 5 of the ISO 19650-2 describes in detail the 
processes and processes that are necessary to compile the 
Project Information Model (PIM) during the design 
stages. Also, the information that will be required for 
DMPs will be included in the Project Information 
Requirements (PIR) and Exchange Information 
Requirements (EIR), both compiled during the process 
5.1: Assessment for Need, as described in the relevant 
clause. 
Following the PIM creation, the primary components for 
constructing the DMPs are identified. Recognizing the 
absence of a standard method for data requirements, the 
material data considered is refined in subsequent stages, 
drawing from recent literature. The data encompasses 
three categories: material information (type, physical  
properties), sustainability indicators (such as the 
Circularity Index), and component information (including 
manufacturing, installation, maintenance, disassembly 
instructions, and expected lifespan and performance data). 
Simultaneously, while setting up the initial BIM model, a 
material inventory is established based on information for 
each piece, using unique identification and names 
specified in ISO 19650 (Step 2, Fig.1). Also, is worth 
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mentioning, part of the dynamic nature of DMPs, it would 
require to be linked to 4D ontology. 4D ontology refers to 
the integration of time (the fourth dimension) into the 
digital representation of a building. This will enable the 
capturing and visualisation of how elements of the project 
change and interact over time, but also simulate and 
anticipate future changes throughout the lifecycle of the 
project. 
AI techniques, including ML and DL, may be deployed to 
collect diverse attributes of the supplied content (Step 3). 
ML algorithms can analyse existing data sources, such as 
supplier documentation and manufacturing records, to 
identify patterns and relationships. Additionally, ML 
predictive models can assist in forecasting potential gaps 
and areas of uncertainty, prompting proactive measures. 
On the other hand, DL models, equipped with neural 
networks, are advance in processing complex and 
unstructured data. Furthermore, DL models, can handle 
sequential data, ensuring a more refined understanding of 
materials’ dynamic attributes over time.  These techniques 
contribute to the identification, categorization, and 
tracking of materials, assessing their origins, 
environmental impact, and even predicting future 
performance (Çetin et al. 2023b). DL algorithms automate 
material-related data acquisition from various sources like 
product databases, material suppliers, manufacturers, and 
construction documents. They can navigate websites to 
extract essential data from digital sources, eliminating the 
need for extensive manual labour.  

DMPs may be created as an Extensible Hypertext Mark-
up Language (XHTML) document adorned with 
eXtensible Business Reporting Language (XBRL) tags 
(Step 4, Fig.1). XHTML, as opposed to HTML, has more 
rigid syntax and formatting restrictions. It is also 
guaranteeing that web browsers and interpreter programs 
can process it seamlessly. Usually, it is standard practice 
to combine XHTML with XBL in order to ensure data 
integrity and interoperability across systems, particularly 
on the internet (Stewart, 2020). 
In financial reporting, XHTML formats interconnected 
with XBRL tags are commonly employed, giving a dual-
readable structure for both people and machines.  XBRL 
tags are used to insert standardized and machine- readable 
data into an XHTML file, facilitating financial report 
processing and analysis. This unified technique reduces  
inconsistencies and simplifies the filing process, resulting 
in a strong resolution for financial reporting requirements 
(Siddle 2020; Stewart 2020). The use of XHTML with 
XBRL tags is an effective form for storing and evaluating 
material and sustainability data. Hence, the ability of 
XBRL to stipulate context, combined with XHTML is 
quite beneficial for DMPs. 
The next step is proposed that store the files in Single 
Access Point (SAP) database, similar to European Single 
Access Point (ESAP) which is used for (Step 5, Fig.1). As 
in ESAP, SAP will provide access to publicly available 
information related to MPs data. Therefore, this will be 
consistent whit the EU’ Digital Strategy and the targets of 

Figure 1: Conceptual framework for DMPs (own illustration) 
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European Green Deal, fostering transparency and 
accelerating decision-making for stakeholders (European 
Commission 2023). 
SAP will constitute a regulated platform, will encompass 
various features, including a web portal, API for data 
retrieval, multilingual search function, information 
viewer, machine translation service, download service, 
and notification service for updates. This can be 
particularly crucial for Small and Medium Enterprises 
(SMEs), for future sustainable related decision-making 
(European Commission 2023). 
The subsequent step involves exporting BIM model and 
data related to building elements, their layers, volumes, 
thicknesses, and individual components to be linked to a 
Quick Response code based on GS1 standards (Step 6, 
Fig1). Essential standards include the Global Trade Item 
Number (GTIN), GS1-128, Global Location Number 
(GLN), and Global Data Synchronization Network 
(GDSN) to ensure accurate and updated data accessibility 
across the supply chain (GS1 2023). 
A method of barcoding involves Quick Response (QR) 
codes, with dynamic QR codes being considered for this 
research. Dynamic QR codes have the capability to 
employ an intermediate concise URL for redirecting, 
enabling modification of stored data within the same 
printed QR code. Recent research highlights the 
effectiveness of QR codes in tracking materials, providing 
essential information about each building element (Byers 
et al., 2022). These QR codes improve material tracking 
in the construction process, offering real-time updates to 
the MP, especially concerning location.  
Real-time update is crucial will be enabled by scanning 
the QR code, especially during and construction phases, 
or refurbishments which allows access to the material's 
geo-location through GIS, by scanning by using a phone 
or tablets. Some of the building materials like concrete, 
steel, and brick exhibit relatively stable properties over 
time. Unlike dynamic assets that undergo frequent 
changes or degradation, the characteristics of these 
materials remain largely consistent throughout their 
lifespan. Therefore, the need for real-time updating to 
capture sudden variations or anomalies may be minimal, 
as gradual changes can be adequately monitored through 
periodic assessment. AI techniques, including computer 
vision, enable the scanning of QR codes and linking to 
relevant data, facilitating estimations such as embodied 
carbon due to transportation.  
For example, a DMP for items such as electrical motors 
within ventilation systems which have relatively shorter 
lifecycle than the building structure and envelop, will 
allow instant access to current data on the origin, 
composition, and quality of its components. As the motor 
has been replaced, then with DMP will be easier to be 
tracked in order to obtain the embodied carbon. With the 
aid of AI, the DMP will be able to collect missing 
information, in respect to the physical or manufacturing 
characteristics, as well as LCA calculations, and updated 
information. The combination of the BIM 4D ontology 
will enable to track the motors’ state over time, such 

operation and maintenance stages, capturing crucial 
details about the history and condition of motor. Also, the 
use of the QR codes will facilitate easier retrieval of the 
motor information using mobile devices, as well as 
tracking the geolocation. In this way, informed decision-
marking is enabled, in respect to the mor’ maintenance, 
repair, or end-of-life options and ultimately will assist to 
reduce the environmental impact of the motor’s lifecycle. 
Additionally, the DMPs will include automated 
sustainability indicators such percentage of recyclable 
materials, waste, and environmental impacts, LCA  
calculations expressed by the use of algorithms, in terms 
of Global Warming Potential (GWP), Acidification 
Potential (AP), and Potential Energy Index (PEI) (Step 7, 
Fig.1).  Also, the inclusion of Circularity Index created by 
McArthur Foundation to DMPs will allow to score the 
circularity of the building based on the percentage of 
recycled materials used. AI plays a significant role in 
enhancing the accuracy of these environmental impact 
assessments. ML algorithms process large datasets to 
identify patterns and correlations, providing insights into 
material performance and environmental impact.  

Limitations and Challenges for Implementing the 
Conceptual Framework 

DMPs implementations in the BE faces significant 
limitations. Those major challenges include industry’s 
opposition, anchored in old procedures, necessitates 
careful positioning to explain the befits of DMPs while 
addressing concerns from moving traditional approaches. 
A further challenge is the financial limitations, 
particularly for SMEs, that need to deliberate cost 
reductions. Also, interoperability concerns between many 
stakeholders who use different BIM software, demand 
careful planning and possible plugin development. In 
addition to that, maintaining data accuracy among the 
supply chain is difficult, requiring coordinated 
collaborations common data dictionaries. In relation to 
data, concerns about privacy and security is another 
limitation. 
Finally, the lack of standard and regulations for creating 
MPs and educating professionals in the use of new 
technologies such as DMPs could be really challenging. 
Considering these problems as possibilities for 
improvement, can lead to a more robust implementation 
of DMPs in the BE. 

Conclusions and Future Work 
The proposed conceptual framework of DMPs intends to 
fill the gaps of current state of MPs, such as its current 
static form, lack of regular real-time updates for the 
material information throughout a buildings life cycle 
which current requires a lot of manual input. This is may 
lead to errors and included information to be included in 
the MPs current state. 
DMPs is proposing the use of BIM model, in conjunction 
with the BIM standards of ISO19650-2 “Delivery phase 
of an Asset”, which give a detail the processes of creating 
a BIM model in addition to information management for 
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a BIM level 2 project. The BIM model will provide the
quantities and specific location of materials in the
building. In conjunction to AI techniques of collecting
and analysing complex data, and also scanning codes
based on GS1 standards, will enable the DMPs to provide
up-to-date information of about the construction
materials. Furthermore, the incorporation of LCA into
DMPs will add sustainability aspect to the framework,
contribute to the reduction of the carbon footprint of the
BE.
The future research will focus on the creation of the
prototype DMP and further investigation of the use of
appropriate AI techniques. Following the creation of the
prototype, collaboration with industry will take place to
run a Pilot Case study for the DMPs implementation in
the BE that will allow the assessment of its effectiveness.
This will allow feedback from industry that will be
assessed and contributes to the continues improvement of
the prototype and based on the lessons learned from this
pilot study.
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Abstract 

The construction industry is transitioning from traditional 
linear methodologies to the Total Life Cycle Process 
(TLCP) based on DIN EN ISO 19650 principles. TLCP 
employs database-supported information models (dIMs) 
and Information Requirement Matrices (IRMs) to 
enhance project management, focusing on sustainability. 
This method improves communication, ensures timely 
access to critical information and optimizes resource use. 
By integrating the Level of Information Need (LOIN) 
concept and web-based tools, TLCP supports agile 
transitions and technological adaptation. This paper 
showcases TLCP's practical applications, promoting 
sustainable construction management and encouraging 
industry-wide discourse, ultimately contributing to long-
term environmental and economic benefits.  

Introduction 

The construction industry has focused on conserving 
resources in recent years to align with the Sustainable 
Development Goals (SDGs) (United Nations, 2023) and 
the Green Deal (European Commission, 2023). The Green 
Deal promotes forward-thinking actions and responsible 
resource management through terms such as sustainable 
production and sustainable decisions. These terms serve 
as specialized language. The importance of forward-
looking planning and conscientious resource utilization is 
emphasised by these terms. A comprehensive strategy for 
managing raw materials is presented, which emphasizes 
savings while also promoting reuse and reduction of 
excess, such as construction waste. Although 
foundational elements in the construction industry, the 
sustainability factor involved in action and decision-
making has not received enough attention in public 
discourse, despite its critical role in achieving the 
aforementioned goals. 
The state of disrepair in infrastructure (Norddeutscher 
Rundfunk, 2023) has long been a public concern. The list 
of reasons for recent failures highlights structural flaws in 
the industry that neglect the life cycles of infrastructure 
such as bridges, roads, and railways. It is crucial to 
understand the temporal significance of structures and 
their relationship with sustainability. Infrastructure 
should not be viewed as disposable, but rather as part of a 
recurring cycle. They should not be forgotten once built. 
Adherence to academic norms, objectivity, and formal 
language is essential. The object life cycle can be divided 
into five phases: initiation (0), planning (1), execution (2), 

operation (3), and optimized initiation renewal (4). 
However, as the physical existence of the object is limited 
to phases 2 and 3, the term project life cycle is used to 
emphasize its place within the broader process. 
Sustainability is an important consideration in project 
management, which involves the overall execution of 
projects. Project management provides a more 
comprehensive framework for considering sustainability 
compared to the project life cycle. 
This study aims to establish links between temporal 
processes and modern digitisation techniques. 
Additionally, this paper proposes a novel approach to 
developing project-specific temporal processes. This will 
result in clearly defined tasks that enhance project 
management in the construction industry. The ultimate 
goal is to contribute to the long-term sustainability and 
future prospects of the German construction sector 
through the use of TLCP. 

Sustainability integration in lifecycle 

processes  

In contemporary discourse, sustainability is moving 
beyond its traditional definition to become a multifaceted 
concept, often divided into three domains: economic, 
environmental and social (von Hauff et al., 2005). Current 
research efforts focus on effectively integrating these 
domains within work systems to facilitate concerted 
action, taking into account both immediate and future 
impacts. This holistic approach to sustainability, often 
referred to as the sustainable polygon, requires a thorough 
understanding of the underlying mechanisms, which 
requires iterative development and analysis in real-world 
contexts for practical applicability (Flemisch et al., 2023). 
Skilled planners play a crucial role in the efficient use of 
available resources to achieve cost effectiveness in 
building construction, while ensuring suitability 
throughout the life cycle. This involves careful 
consideration of materials, processes and responsible 
resource management over the life of the building. In 
Germany, the Fee Structure for Architects and Engineers 
(HOAI) further delineates these phases, resulting in up to 
ten phase levels, with phase (0) serving as an initialisation 
or preliminary feasibility study. 
However, this traditional approach to project billing in 
Germany has its limitations, particularly in addressing 
gaps and information loss during project execution, given 
the iterative life cycle of products and technological 
advances such as model-based computer systems and 
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Building Information Modelling (BIM). Several factors 
contribute to these shortcomings, including compliance 
with regulatory requirements, prioritisation of social 
needs over technical optimisation, and challenges such as 
lack of digitisation, transparency and effective 
communication (Weber-Lewerenz, 2021).  

Integrating sustainability principles into project 
management practices is essential to promote project 
sustainability. According to the German National 
Standard (DIN) 69901-5 (DIN e.V., 2023), project 
management encompasses various tasks, techniques and 
means necessary for initiating, defining, planning, 
controlling, coordinating and completing projects. This 
includes overseeing phases (0)-(3) of the product 
lifecycle, as shown in Figure 1. However, project 
management responsibility typically only extends to the 
end of the warranty period of the contracted services in 
phase (3). 
Efforts to embed sustainability in project management 
include the simultaneous consideration of economic 
efficiency, material selection and social aspects (Silvius, 
2017). For example, during the planning phase, 
conducting a product life cycle analysis can help assess 
the impact of actions on the three pillars of sustainability. 
Project management plays a critical role in either 
analysing the impact of sustainability measures or 
coordinating their implementation (Project Management 
Institute, 2021).  
Holzbauer et al. (2021) further categorize sustainability 
processes in project management into three areas: internal 
processes, management of projects, and project-specific 
processes. Emphasizing a broader perspective on projects, 
sustainability in project management entails coordinating 
the overall process, networking internal and external 
influences, and applying known sustainability principles 
(Stumpf et al., 2012). 

Sustainability in project management practices 

To effectively embed sustainability into project 
management practices, it is imperative to adopt a 
comprehensive approach that encompasses various 
aspects of project execution. This involves integrating 
sustainability considerations into internal processes, such 
as resource allocation and risk management, to ensure that 
economic, ecological, and social factors are adequately 
addressed throughout the project lifecycle. Moreover, 
managing projects with sustainability in mind requires 
proactive measures to minimize environmental impact, 
promote social equity, and optimize economic viability. 
Project-specific sustainability processes entail tailoring 
sustainability initiatives to meet the unique requirements 
of each project. This may involve conducting thorough 
assessments of environmental impact, implementing 
green building practices, and fostering stakeholder 
engagement to ensure alignment with sustainability goals. 
By incorporating sustainability principles into project 
management practices, organizations can enhance their 
reputation, reduce costs, and contribute to long-term 
environmental and social well-being. 
In conclusion, sustainability in project management is 
integral to achieving lasting success in today's dynamic 
business environment. By integrating sustainability 
considerations into project planning, execution, and 
evaluation, organizations can mitigate risks, capitalize on 
opportunities, and create value for stakeholders. Through 
collaborative efforts and strategic initiatives, project 
managers can drive positive change and foster sustainable 
development for future generations. 

Managing Information Transfer Complexity 

in AEC Projects 

Effective information transfer is crucial for the success of 
AEC projects, yet it often presents significant challenges 
due to the multifaceted nature of project requirements and 
stakeholder involvement. This subsection delves into the 
various facets of managing information transfer 
complexity within AEC projects, highlighting key 
considerations and strategies for addressing these 
challenges with a focus on the German construction 
industry. 
Navigating the regulatory landscape, including 
frameworks such as the HOAI, introduces complexities in 
information transfer processes. Compliance with 
regulatory requirements adds layers of intricacy to data 
exchange, necessitating clear understanding and 
adherence to legal standards. Moreover, ambiguity in 
information requirements further complicates the transfer 
process, as stakeholders may struggle to discern the 
specific data needed for each project phase. This 
ambiguity can result in inefficiencies and delays, 
underscoring the importance of clarifying information 
needs and ensuring compliance with regulatory guidelines 
(Mohan et al., 2021).  

Figure 1: Stages within the project Management 
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Effective information transfer hinges on seamless 
collaboration among project stakeholders, including 
architects, engineers, contractors, and clients. 

Coordinating diverse teams and aligning their efforts 
towards shared project goals requires robust 
communication channels and established information-
sharing protocols. Clear delineation of roles and 
responsibilities, along with regular communication and 
collaboration platforms, fosters synergy among 
stakeholders, facilitating the smooth flow of information 
throughout the project lifecycle. 
As all project participants have different starting points, it 
is essential to have a defined digital knowledge transfer to 
ensure accurate and transparent information transfer. 

Implementation of Digital Knowledge Transfer 

Solutions and the Effect of TLCP 

In response to the challenges posed by information 
transfer complexity, digital knowledge transfer solutions 
emerge as indispensable tools for streamlining 
communication and data exchange. Centralized databases 
and information management systems provide a 
centralized repository for project-related information, 
enabling real-time updates and seamless accessibility for 
all stakeholders. Standardized information formats and 

protocols ensure consistency and accuracy in data 
transfer, reducing the risk of errors and discrepancies. 
Additionally, digital tools and technologies, such as 

Building Information Modelling (BIM) software, offer 
advanced capabilities for visualizing project data and 
facilitating collaborative decision-making, further 
enhancing the efficiency of information transfer processes 
(Vaatz et al., 2023). 
Implementing the TLCP not only provides a 
comprehensive view of the product lifecycle in the AEC 
industry but also offers a strategic approach towards 
sustainable project management. Through a dIM, TLCP 
facilitates the structured capture, management, and 
exchange of project-relevant information, ensuring its 
availability and quality while fostering efficient 

communication, transparency, and collaboration among 
all stakeholders.  
Real-time updates and easy accessibility of information in 
the dIM significantly enhance decision-making and  
planning accuracy, which are essential components in 
sustainable project management practices. 

Table 1: Table 1: IRM concept based on LOIN use case with consideration of TLCP (Mohan et al., 2023)

Figure 2: Level of Information Need (LOIN) (DIN e.V., 2023) 
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Incorporating sustainability principles into TLCP, Table 
1 and Figure 2 outline the IRM and its components, such 
as Level of Geometry (LOG), Level of Information (LOI), 
and Documentation (DOC), forming the foundation for 
managing the dIM. Informed by insights gleaned from 
past and ongoing projects, TLCP development 
underscores the importance of standardized information 
requests and effective communication channels in 
sustainable project management efforts.  

By defining appropriate LOIN use cases adhering to DIN 
EN 17412-1 (DIN e.V., 2023), TLCP establishes an 
organized information delivery system for inter-project 
phase processes, thereby minimizing the risk of 
unnecessary iteration loops and information gaps. The 
forthcoming dissemination of LOIN use cases through 
web-based platforms will adhere to established 
requirements, foster interdisciplinary collaboration, and 
ensure consistent scrutiny of information delivery 
procedures, which are both integral to sustainable project 
management objectives. 
In summary, the Total Life Cycle Process (TLCP) 
emerges as a fundamental framework for seamlessly 
integrating sustainability considerations into project 
management practices within the Architecture, 
Engineering, and Construction (AEC) industry. By 
facilitating efficient information management, fostering 
collaboration, and enabling informed decision-making, 
TLCP empowers stakeholders to navigate the intricacies 
of complex project lifecycles while upholding sustainable 
principles. This comprehensive approach not only ensures 
the development of environmentally responsible projects 
but also contributes to the creation of socially beneficial 
built environments. 
Looking ahead, the forthcoming web-based dissemination 
of Level of Information Need (LOIN) use cases represents 
a significant advancement in enhancing information 
exchange efficiency within the AEC sector. Through 
TLCP, this initiative not only enhances the precision of 
information delivery but also encourages interdisciplinary 
collaboration across project phases. By leveraging 

TLCP's capabilities, organizations can elevate their 
project management practices, leading to improved 
outcomes and greater sustainability across the industry. 

Proposed methodology 

Implementing TLCP in the current process relies on key 
factors, including adherence to national and international 
standards, digitalization through information models,  

systematic derivation of Information Requirements, 
cross-phase methodology, agile transition, process 
optimization, and fostering discussion and exploration. 
In the course of the study, it emerged that various 
approaches have developed in the different phases, which 
require different information requirements. One example 
from infrastructure planning depicted in Table 2 is that the 
information from the planning phase must be prepared in 
such a way that authorisation is possible based on the 
applicable technical and legal requirements.  
Efficient integration of the TLCP process requires a 
meticulous consideration of not only the primary criteria 
for information requirements but also the often-
overlooked sub-criteria and sub-sub-criteria. Failure to 
inspect these finer details can result in significant time 
loss. By adopting this comprehensive approach, TLCP 
has the potential to evolve beyond a mere project standard 
to become a standardized practice within the entire 
organization. This shift ensures a thorough and consistent 
application of TLCP principles, enhancing overall 
efficiency and effectiveness across diverse projects and 
initiatives. 

Implementation and integration of TLCP in a web-

based information modelling tool 

Implementing and integrating life cycle processes in a 
web-based information-modelling tool is achieved 
following the steps shown in the process picture (Figure 
3) below:
The first step towards implementation of TLCP in a web-
based information modelling tool involves identifying
and defining all the life cycle processes that are relevant
to the project, tailor-made for each life cycle phase, such

Table 2: IRM for Infrastructure se case with consideration of TLCP 
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as preliminary, conceptual, and detailed design, 
construction, maintenance, renovation, and demolition, 
among others. In this step, as listed in Table 2, the 
impacts, input and output, object types and actors with all 
inter- and outer relations must be defined in data and rule 
catalogues. Once the processes have been defined, they 
are to be modelled in the information modelling tools. 
After this stage, the data and information throughout the 
entire life cycle of the project would typically look like 
various islands, which in some cases are connected, and, 
in some cases, not, in which the data and information flow 
is not guaranteed during the entire life cycle. 
The next step is to establish connections between the 

different processes. This is typically done through a 
process flow diagram or a similar tool that shows how the 
processes interact with each other and with the building 
model in so-called process catalogues. 
Therefore, in the next step, an integration platform should 
be designed to establish integration between different 
systems, such as project management systems or cost 
estimation tools for additional functionality. Web-based 
platforms are one of the best examples of such smart 
services in which nested information can be kept, 
interconnected and analysed based on integration 
catalogues. 
Such web-based information modelling environments are 
from one side capable of parsing data and models, and 
interlinking information, and from the other side connect 
them to resources from manpower to machinery and 
collaboration between human and technology using 
Artificial Intelligence (AI) methods. By establishing such 
connections between various sources, a comprehensive 
overview of the project lifecycle not only in the planning 
and design stages but also in the construction, operation 
and maintenance is ensured. Once the integration platform 
is set, different layouts can be designed to host the query 
and filter catalogues and apply them to the nested 
information based on the profile specs along phases or in 
the transition processes. These layouts define which data 
are to be shared with whom and when based on what 
expectations and with which results. Thus, information 
sharing between stakeholders and parties involved in the 

project is in a targeted way so that process-oriented 
information flow, collaboration and relevant 
communication is guaranteed. Such layouts can be 
purposed to target design, construction, operation and 
maintenance processes; transition processes; machine, 
human, and technology processes; or sustainability 
processes. The smart platforms have the capability to keep 
the information regularly updated and maintained to 
reflect changes over time with versioning and archiving 
mechanisms which is crucial especially in the operation, 
maintenance or renovation processes 
In conclusion implementing and integrating TLCP in a 
web-based information modelling tool improves 
collaboration, provides more efficient processes, and  

better management of the project over its entire life cycle. 

Conclusions and Outlook 

The integration of different data sources and information 
models based on the TLCP is essential to increase 
efficiency and ultimately promote sustainability in 
construction. The information management applied 
enables systematic, evidence-based decision making 
across the design, construction and management domains, 
ensuring seamless data exchange and communication 
between the various project stakeholders across all 
phases. To improve the flow of information and ensure 
system interoperability, industry players need to 
collaborate more and establish common standards and 
data exchange formats. One promising option is the 
incorporation of artificial intelligence and machine 
learning, which could provide the potential for automating 
analysis and decision support systems in the future. 
Further research and pilot studies, as well as more 
widespread use in practice, will drive the development of 
this methodology and increase its usefulness and 
practicality. 
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Abstract 
The recent research focus on circular construction supply 
chains challenges the integration of supply chain 
processes. There is a need to build simulation tools for 
construction, facility management, deconstruction and 
reuse of building components. This paper introduces a 
model-based tool to enhance supply chain process 
integration developed with Business Process Mapping 
and Notation (BPMN). The model captures the 
remanufacturing supply chain for façade products that are 
demounted and reapplied in a different construction 
project. The paper highlights the tool’s potential for 
predictive analysis and decision support based on supply 
chain performances.  The demonstration shows an 
innovative approach to CE-driven supply chains. 

Introduction 
The construction industry is gradually adopting the 
concept of circular economy (CE) as one of the major 
transitional goals to reduce greenhouse gas emissions and 
waste throughout the full building life cycle. Many recent 
studies have reached a consensus that supply chain wide 
innovation is a prerequisite for this transition, as well as a 
focused research agenda for this topic in construction 
(Akinade and Oyedele 2019; Migliore 2019; Nasir et al. 
2017). Construction supply chain management (CSCM), 
a field of research and practice that has been active for 
several decades, was introduced because of the growing 
demand of efficient construction processes and lessons 
learned from LEAN manufacturing (Eriksson 2010; 
O’Brien, London, and Vrijhoef 2002). In the background 
of CE, more studies have revealed strong interest in 
developing more circular and closed-loop construction 
supply chains (Adi Wijaya and Armyn Machfudiyanto 
2023; Akinade and Oyedele 2019; Incorvaja et al. 2022). 
Managing and coordinating construction supply chains is 
an ambitious task given its ‘complex’, ‘project-based’, 
‘fragmented’ and ‘contingent’ nature (Koolwijk et al. 
2018; Koskela, Vrijhoef, and Dana Broft 2020; Vrijhoef 
and Koskela 2000). Hence, supply chain modelling could 
provide support for the simulation evaluation, monitoring 
and prediction of processes (Cheng et al. 2010; O’Brien, 
London, and Vrijhoef 2004). Considering that CSCM is a 
vast subject that has been explored by multiple disciplines 
from various perspectives, it is difficult to find a single 
model that serves all needs. Both highly abstract 

mathematical models and more realistic simulation 
models have been extensively used for the purpose of 
analysis and optimization in CSCM (Chen and Hammad 
2023). As the new digital systems such as digital twins are 
further developed, more integrated models and applied 
tools have been proposed to depict the complex supply 
chain networks and business processes (Cheng et al. 2010; 
Neuhäuser et al. 2023). Besides, there is also a clear trend 
of developing CSCM models for sustainability and CE 
related objectives. Recently, scholars have particularly 
highlighted the lack of models that integrate the R 
strategies such as reuse, recycling and remanufacturing 
(Chen, Feng, and Garcia de Soto 2022; Chen and 
Hammad 2023; Hussein et al. 2021). Despite that many 
studies have already addressed various types supply chain 
models for different challenges of CSCM, they are in most 
cases based on linear economy scenarios, characterized by 
forward flows of products and materials. What is missing, 
is the modelling of circular construction supply chain 
operations, that,  according to the literature review by 
Ding, Wang, and Chan (2023), shall involve reverse 
logistics (RL) and process integration of both forward and 
reverse flows. 
To expand knowledge and practices in modelling circular 
CSCM operations, this study proposes a process centric 
supply chain model that represents the remanufacturing 
supply chain for construction products. The model 
partially captures and simulates the complex 
remanufacturing procedures in the circular supply chain 
of recovered construction products. In the project case, 
wooden frame window and door components are 
recovered from one demolition site and remanufactured 
into new façade elements for another construction site in 
the city of Amsterdam. The framework of Supply Chain 
Operations Reference Model (SCOR) is used as the core 
structure to model and elaborate the supply chain 
processes and performance indicators. And further, the 
business process model and notation (BPMN) language is 
utilized to transform the supply chain processes with more 
detail levels into a digital representation with the potential 
to build executable software with the Camunda API. A 
demonstration tool is designed to be accessed by different 
supply chain stakeholders to interact with input/ output 
data and gain more insights for critical decision-making. 
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Theoretical Base for Modelling 
Modelling Supply Chain Integration for CE 
The efficiency of reverse supply chains can be improved 
by standardizing processes and procedures, even when the 
buildings an components are entirely different, and even 
when the disciplines involved are different. This may 
bring more commitment and capacities from the supply 
chain to CE (Koolwijk et al. 2018; Teixeira and Borsato 
2019). It is particularly challenging for CE oriented 
construction projects, given that most of these projects are 
still experimental pilots There is limited evidence that 
such practices could be repeated at greater scales. Thus 
supply chain integration templates for circular projects, 
that support repeatable processes and continuous 
improvement, will be highly relevant for tackling the 
challenges of CE in construction.  
A number of studies in the field of supply chain 
management connected the concept of supply chain 
integration with the maturity of business processes 
(Lockamy and McCormack 2004; Trkman et al. 2007). In 
these frameworks, the more ‘mature’ supply chain 
processes evolve from ‘Ad Hoc’ business operations, 
where processes are not well documented or structured, to 
more integrated and standardized processes. The 
collaboration between companies improves. More 
repeatable and predictable procedures are set up to reduce 
overall costs. The model in Figure 1 by Lockamy and 
McCormack (2004) defines the maturity of supply chain 
processes in five levels based on the reference to the key 
supply chain processes defined in the Supply Chain 
Operations Reference model (SCOR). SCOR is one of the 
most commonly applied standards to map supply chain 
configurations and processes (Teixeira and Borsato 
2019). The framework defines the following distinctive 
processes in the supply chain: plan, source, make, deliver, 
and return. The SCOR features a hierarchical structure of 
processes, which consists of four levels of detail in 
process descriptions. The framework provides an 
appropriate starting point for practitioners to define the 
key business processes and sub-processes in a supply 
chain system (Supply Chain Council (SCC) 2017).  

Figure 1: supply chain process maturity model, source: 
(Lockamy and McCormack 2004) 

It would be a rather new experiment to utilize the theory 
of supply chain process maturity model and SCOR for CE 
driven initiatives, but there is clearly already a growing 
discussion on the potential of supply chain integration in 
circular and sustainable transition. Di Maria, De Marchi, 
and Galeazzo highlighted that the integration enabled by 
industry 4.0 technologies such as smart manufacturing 
play an mediation role for CE performance, because the 
enhanced links between actors in the supply chain 
positively affects the utilization of resources in a circular 
manner (2022). Similar conclusions are drawn by studies 
in the construction industry, addressing needs for 
integrating supply chain and logistics processes for the 
goal of CE in construction projects (Chen et al. 2022; 
Incorvaja et al. 2022). Modelling the processes of 
integrated supply chains will be a prerequisite for 
achieving industrialized CE. 

Performance Goals for Circular CSCM 
The Ellen MacArthur foundation (Ellen MacArthur 
Foundation 2013)  makes a distinction between the 
technical cycle, which includes materials that have to be 
maintained and reprocessed as much as possible as part of 
a finite material stock, and the biological cycle that may 
be regenerated by the biosphere. In principle, circular 
supply chain management for the construction sector will 
incorporate both loops and should integrate forward and 
reverse flows of products and services in the full building 
life cycle (Ding et al. 2023; Farooque et al. 2019). In the 
ideal condition, a circular supply chain will require the 
minimum amount of primary resources for production and 
output zero waste, emissions or hazardous materials 
(Farooque et al. 2019). However, the more realistic goal 
definition of circular CSCM will be based on current 
frameworks of CE and CSCM concepts, that is to 
systematically integrate CE thinking and R-ladder 
strategies, such as recycling, remanufacturing and 
reusing, into the management of resources in construction 
supply chains, which involves all stakeholders in the 
construction project life cycle, including construction 
organizations, manufacturers and waste management 
agencies (Chen et al. 2022; Ding et al. 2023; Farooque et 
al. 2019).  
The SCOR standard defines 5 main performance 
attributes: reliability, responsiveness, agility, costs and 
asset management efficiency. The standard also 
elaborates more performance metrics and best practices to 
describe and measure performance both quantitatively 
and qualitatively. Part of the performance aspects of 
SCOR already aligns with the performance goals of CE. 
Especially the cost and asset allocation performance is 
critical to circular CSCM, because currently the more 
desired strategies of reuse and remanufacturing of 
construction products are often hindered by higher 
material handling cost and increased logistics cost and 
mismatch between the moments of materials supply and 
demand. Therefore, in the current context of CE 
transition, it is reasonable to refer to the SCOR defined 
performance indicators and prioritize the cost 
performance while modelling circular construction supply 
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chain processes, hereof the urgent practical goal is that 
more circular strategies may become more competitive 
while positioned against traditional linear supply chains.  

BPMN 
There are multiple ways to model business processes in a 
supply chain system. Languages such as BPMN and 
IDEF0 are upon those common standards used for 
business process management. BPMN is the de facto 
method for modelling supply chain processes due to its 
clear logic and visual capabilities. The language is also 
available in a number of commercial and open source 
software platforms for customizable development. The 
combination of SCOR and BPMN has been used by a few 
previous studies in the manufacturing industry for supply 
chain modelling (Cheng et al. 2010; Teixeira and Borsato 
2019), where the potential to create dynamic and 
interactive models which industrial participants can 
understand is demonstrated.  
BPMN models of the supply chain system could be 
approached in different configurations based on how 
organizational relationships are modelled. The BPMN 
orchestration model is the basic form that contains a 
single point of coordination. A collaboration model treats 
all processes as internal and focuses on only message 
flows between organizations for inter-organizational 
processes. The choreography model is designed to 
highlight interactions between organizations in contrast to 
internal processes (Eisner 2021). The purpose of 
modelling for the supply chain determines the method 
used in BPMN.  

Model Construction 
This paper proposes an explorative approach to model 
circular construction supply chain processes, based on 
demonstration cases of façade element remanufacturing. 
A few completed construction projects in the Netherlands 
already demonstrated as pilot projects to recover 
secondary building façade components and 
remanufacturer them into new building components in 
other projects. Based on informal interviews and 
workshops with the Dutch façade industry stakeholders, 
some key configurations of the processes are captured for 
this model. For the purpose of demonstrating the 
applicability of the model, one pilot case of façade 
element remanufacturing is used as an example. The case 
consists of two building sites, project A is a demolition 
site located in Amsterdam, from which wooden and glass 
elements from windows and doors have been demounted 
and then disassembled in factories to be made into new 
doors and windows for construction project B, which is at 
another location in the city. Because the part of the project 
related data is internal for the companies, some 
assumptions based on the interview and workshops and 
generated numerical data is used to deliver the proof of 
concept for the modelling and simulation process as 
shown in Figure 2. 

Figure 2: Illustration of the re-manufacturing supply chain 

The hierarchical process model defined by SCOR 12.0 is 
used as the guiding standard for the modelling procedures 
as shown in Figure 3 (Supply Chain Council (SCC) 2017). 
The top-level supply chain configuration is modelled to 
the detail level 1 and 2 defined by SCOR to describe the 
supply chain actors’ goals, responsibilities and process 
categories. For each actor or stage, key supply chain 
processes and sub-processes are modelled to the detail 
level 3 and 4 defined by SCOR and to be ultimately 
represented in executable BPMN models which could be 
used to monitor, improve or simulate supply chain 
processes and performances.  

Figure 3: Hierarchical process model defined by SCOR 
Source: (Supply Chain Council (SCC) 2017) 

Furthermore, to incorporate the performance aspect of the 
supply chain model, several items from SCOR are  chosen 
to be integrated into the supply chain processes as 
performance goals for the modelled system. As it will be 
too complex to implement all performance factors of the 
SCOR standard, only some of the cost and other matrix 
related to sourcing and delivery of products and the 
practice of just-in-time production (JIT) are included in 
this demonstration model. The reason to emphasize those 
aspects is that the cases from the pilot project particularly 
highlighted the challenges of the mismatch between the 
moments in demolition and construction projects and the 
increased cost and risk factors due to the increased 
logistics operations for remanufacturing. The 
performance indicators are embedded into the BPMN task 
elements for the evaluation stage of the project. Table 1 
shows examples of the performance indicators, selected 
from SCOR 12.0, to be considered in this demonstration 
model. 
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Table1: Performance indicators taken from SCOR 

SCOR Name Parameters 

CO.3.16 Cost to Source 
Return 

On-site treatment and 
storage cost 

CO.3.17 Cost to Deliver 
Return 

Reverse logistics cost to 
remanufacturer 

CO.3.15 Order Delivery 
Cost 

Transportation to 
construction site 

BP.1.10 JIT production Time of warehousing for 
products 

… … … 

As the core back-end structure of the model is defined in 
BPMN, the processes, tasks and required input/output 
resources are carefully modelled according to the 
structure defined by SCOR. For the Level 1&2 model, the 
supply chain for the remanufacturing process consists of 
four main stakeholders, the project coordinator (often the 
main contractor), the demolition contractor (urban miner) 
for project A, the remanufacturer (factory) and the 
building contractor for the new project B. In this case, the 
main configuration of the supply chain processes includes 
project planning, conducting urban mining, delivery to 
remanufacturer, remanufacturing, delivery to 
construction site, installation on site. For the Level 3&4 
model, sub-processes are created as BPMN tasks to be 
assigned to the supply chain actors and are detailed for 
specific operations. The BPMN orchestration model is 
used to connect the tasks and information flows between 
different actors. As the remanufacturing supply chain 
follows a sequential order and the different actors are 
coordinated as sub-processes of a single project, the 
model type is suitable for demonstrating the overall 
supply chain configuration.  

 Figure 4: illustration of the main task flows in BPMN 

Figure 4 illustrates how the three actors who are 
responsible for the production processes are controlled by 
a single point of coordination, which is in this case, the 
main contractor. Nevertheless, the orchestration model is 
not fully representative of the real timeline of production. 
as the four main actors conduct their activities 
simultaneously and the spatial-temporal coordination 
between those actors is much more complex than the 
diagram shows. In this study, the inter-organizational 
communication between the detailed sub-processes is left 
out for simplification. The main actors and key processes 
shown in this overall process diagram is a representation 
of the detail level 1&2 SCOR process model. The intent 
wasn't to strictly adhere to the pattern of SCOR for all 
detailed process definitions but instead to leverage the 
method and its principles to showcase a proof of concept 
in remanufacturing operations. 
Based on the abovementioned supply chain structures, 
main process configurations and performance indicators 
the final BPMN model with detailed sub-tasks is done 
using Camunda modeler. By using the Camunda API for 
development, it is possible to attach forms or back-end 
JAVA classes to certain categories of tasks in the model. 
Thereby, the supply chain actors are given the possibility 
to interact with the model through input/output 
parameters and pre-defined calculations based on the data. 
Furthermore, the process model could also be executed 
via the "Deploy" icon within the Camunda portal, and to 
be accessed by actors through the task list in a web portal 
interface. More possibilities are allowed by the software 
architecture of the Camunda API as shown in the diagram 
Figure 5.  

Figure 5: Camunda software architecture, source: (Techbuzz 
Blog 2022) 

Results and Discussion 
In this demonstration case, the project-based process of 
remanufacturing of wooden and glass façade elements is 
used as both the reference to model the supply chain 
structure, and also as the application example for potential 
model utilization. A process-centric model based on the 
real case is made because most supply chain models 
without real-world reference will be often quite abstract 
and could not possibly depict the complexity of processes 
involving multiple actors and dynamics in CE driven 
construction activities. On the other hand, the 
remanufacturing of building products is becoming a more 
popular and repeated practice in the Dutch construction 
industry, and the model could potentially be a reference 
model for other projects similar to the selected case. 
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Therefore the model is both case-informed and industry-
wide generalizable.  
The model demonstrates how the circular CSCM 
operations are modelled as a process based supply chain 
to achieve more ‘maturity’ in the form of an integrated 
supply chain system. The modelling procedure is based 
on the SCOR standard and BPMN. The execution of the 
BPMN process is done using the Camunda API which 
enables web-based user interfaces (UI). It could be 
accessed by different supply chain stakeholders to create 
input information and get insights into the supply chain 
operations in real time. The screenshot in Figure 6 shows 
how the stakeholders’ can login the UI to get access to the 
executed processes and how the coordinator starts the 
BPMN process in his/her own dashboard. Despite 
incorporating limited quantitative data from the real 
project, the model comprehensively captures the 
processes for remanufacturing of the construction 
products in the case.  

Figure 6: screenshots of the login page and start process 
Afterwards, the integration of task parameters and 
performance indicators is enabled in this model through 
the Camunda API. This is achieved by creating forms in 
the Camunda web portal that gets input of variables for 
the setting of parameters of the model. For example, the 
transportation distance between the demolition project 
site, the manufacturer and the new project site; as well as 
the storage capacity for the locations. Those spatial and 
resource factors are required to make informative logistics 
planning between the project sites. As the new 
construction project may start much later than the 
deconstruction of the old building, the temporal 
dimension within the model is also crucial. Whether the 
schedule of different projects could fit into the resource 
planning, will drastically influence the performance 
outcomes such as JIT production and logistics cost. 
Therefore, the scheduled time of deconstruction, 
remanufacturing and new construction, are also included 
as model data and are acquired by the coordinator when 
initiating the projects. In this way, the model could 
already provide assumptions of logistics cost and JIT 

performance scores before going through the other 
processes. This demonstrates the prediction and 
simulation potential of the BPMN model that supports 
decision making before the execution of real processes. 
With the models and defined tasks, actors, and forms in 
place, the process can be "deployed" through the web 
portal. Beginning at the portal's "Start the Project" option, 
execution aligns with the process model. 
In this demonstration case, the coordinator is able to check 
the feasibility of remanufacturing based on the basic input 
data about the project, while feasible, the process will be 
continued to initiate the multi-actor coordination for 
remanufacturing processes. In this model, the different 
actors will conduct detailed operations of the sub-
processes that are pre-defined in the BPMN. Figure 7 
shows screenshots of part of the executable BPMN model 
with embedded feasibility check for the selected R 
strategy, Arrow a highlights the tasks where the 
coordinator put in plannings and get results for feasibility 
simulation. Arrow b highlights the form interface for step 
by step data input of logistics information. Arrow c 
highlights the demonstration results as decision support 
reference for continuing the remanufacturing processes. 
In this model, the estimated cost to conduct RL of 
recovered products and deliver the new products, as well 
as the score for JIT production (logistics resource 
utilization) is calculated. The design intention of the 
model based tool is that the model could then integrate the 
different actor’s detailed operational data and provide 
more accurate assumptions of the performance in real 
project timeline. However, as this study is a conceptual 
demonstration, the functions are not fully detailed to be 
tested in real projects. Different functionalities that are 
demonstrated in this study, and possible future 
development directions are listed in Table 2. 

Table 2: Covered functionalities by the tool and progress of 
development by this study 

Functionality & Applications Progress 

Standardize supply chain models of CE 
strategies in construction with SCOR 

Demonstrated 

Model supply chain processes in easy-to-
understand manner (BPMN) 

Demonstrated 

Represent integration of different actors 
in the supply chain system 

Demonstrated 

Simulate supply chain cost and JIT 
delivery possibility 

Partial Demo. 

Allow actors to input and gain key data 
for model update 

Partial Demo. 

Simulate and compare performance of 
different CE strategies (e.g. reuse vs. 

remanufacturing) 

To be 
Developed 

Simulate different configurations of as-is 
and to-be models 

To be 
Developed 

The demonstration of the tool suggest multiple potential 
areas to apply the model-based tool to CE-driven 
construction activities incorporating the simulation and 
predictive capabilities: (1) to improve cost and planning 
of different CE strategies and reverse logistics operations 
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by including the detailed process cost and time predictions 
in the task elements in BPMN. (2) to compare as-is and 
to-be scenarios when designing supply chain re-
configuration (Trkman et al. 2007). (3) to continuously 
monitor supply chain performance by collecting key 
performance data from more projects where the tool is 
used. 

Through post design workshops with experts in 
construction management from higher education, 
technical specialists from façade manufacturing 
companies and consultants for information systems, the 
tool for process centric supply chain modelling is further 
evaluated. The innovative approach and potential 
usefulness of the process simulation and execution tool 
for CE driven goals have been acknowledged by the 
potential users. The experts also highlighted that the 
feature of including cost estimation and monitoring in 
BPMN will be useful for making more informed decisions 
about CE in construction. More desired features could be 
added in the future to the model such as LCA / 
environmental impact of the processes.  
The tool provides the simplicity of having supply chain 
stakeholders involved to have access to the processes, 
tasks and relevant parameters in one user interface (UI) 
that is executed with the BPMN. Compared to other 
methods to model supply chain operations, this process-

centric approach brings the model one step closer to real 
life applications, because it brings more ease of 
interaction between stakeholders and the model through a 
process-automation software platform that executes the 
process model to refined details. This study has selected 
the commercial software Camunda platform for 
development and demonstration, similar tools are also 

available such as Bonita Soft or Eclipse. 
One clear limitation of this study is that it is based on tools 
and standards previously applied mainly to 
manufacturing, which contains  many features that are 
complex to apply to the project-based supply chain 
systems in the construction industry and circular 
economy. And further, the compatibility of the models 
with the different CE concepts and strategies is also 
limited. Moreover, the supply chain model tackles only 
one R-strategy of CE in practice. The more ambitious 
visions of CE driven supply chain models that may 
incorporate multiple R strategies are yet to be developed 
and tested. 

Conclusions 
The study proposes a process centric circular supply chain 
model for construction products based on the concept of 
process maturity in supply chain integration (supported by 
the SCOR standard) and the BPMN modelling language. 
It is a proof of concept to demonstrate how such models 

Figure 7: Example BPMN process diagram and the UI for input/ output data 
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may act as new tools to improve supply chain integration 
for CE driven strategies in construction. In this case, the 
project case of remanufacturing façade elements is taken 
for the demonstration of their capability to coordinate 
supply chain operations beyond traditional construction 
and contractor-supplier coordination.  
The model aims to capture the details of the 
remanufacturing supply chain for construction products, 
focusing on wooden frame and glass components 
recovered from a demolition site which are repurposed for 
a new project in Amsterdam. Four main actors are 
involved in the modelled case, the coordinator, the 
demolition contractor for the old building, the 
remanufacturer and the builder of the new project. For 
each actor, key supply chain processes and sub-processes 
are modelled according to the four hierarchies structure 
defined by SCOR and translated in BPMN for digital 
representation. Performance metrics such as JIT 
production and logistics costs from SCOR are integrated 
in the evaluation matrix for the supply chain model. 
Afterwards, the BPMN based model is then further 
developed into a tool for the design of supply chain 
collaboration, with a web-based interface using the 
Camunda platform. Through Camunda API, the model 
enables execution of BPMN tasks and allows for model 
deployment through a web portal for easy access by 
supply chain actors. It demonstrates the exchange 
between supply chain actors and the process model 
through a range of forms and parameters. Besides, the tool 
emphasizes the model's predictive and simulation 
potential, aiding key decision-making points before actual 
process execution. The study shows how process models 
are able to capture the complexities of interaction between 
demolition, remanufacturing and re-construction projects 
in CE, which traditional CSCM models and tools have not 
yet effectively addressed. Additionally, the interactive UI 
developed with Camunda API in this case, shows more 
multi-stakeholder decision support and collaboration 
possibilities beyond the process model itself, that may 
potentially accelerate the adoption of CE strategies by 
supply chain actors and help in upscaling the practices 
with more empirical evidence in future cases.  
The key innovative feature of the tool is that it applies 
more mature supply chain process models from the 
manufacturing industry to cases in circular construction, 
and utilizes the advanced features from a BPMN software 
for process simulation and execution. The study tackles 
an important gap in CE and CSCM literature, which is the 
lack of understanding and experiments on process 
integration that connects the overall CE initiatives and 
strategies with the actual outcome of CE performance in 
construction supply chains. The study contributes to the 
methodological advancement for future research to 
explore modeling techniques for circular construction 
supply chains, highlighting the importance of 
standardization of supply chain processes and BPMN's 
suitability for process execution. By introducing a pilot 
case of façade element remanufacturing also 
demonstrates the applicability of the proposed framework 
to more practical situations, which may lead to more 

repetitive practices of such CE driven strategies in future 
construction projects.  
The current model in this tool is still limited by the lack 
of more real-world project data to enhance its functions 
and improve the model configuration to track and predict 
the performance more accurately. Future works shall 
focus on elaborating the process models to suit more 
practical scenarios and further explore the information 
models and data integration with existing systems which 
may support more advanced process execution in more 
complex cases. Moreover, the simulation approaches of 
the process model shall be further developed to include 
more CE scenarios and more comprehensive performance 
indicators such as carbon emissions and environmental 
impact. 
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Abstract
This paper introduces a comprehensive Digital Building
Logbook (DBL) framework aimed at addressing chal-
lenges in managing extensive data generated throughout
the lifecycle of modern buildings. The framework es-
tablishes a fundamental structure, defining primary valu-
able data for DBLs to enhance the value of buildings or
dwellings. It delineates essential data elements, guides
stakeholder prioritization and engagement, and outlines
effective storage methods. Additionally, we propose po-
tential applications of the framework in real-world sce-
narios, extracted from the analysis of existing DBL im-
plementations. This contribution significantly advances
the Architecture, Engineering, Construction, and Opera-
tion (AECO) sectors by providing a structured approach
to DBL development, offering early insights for future im-
plementations.

Introduction
Data is generated at every phase of the building lifecycle,
with each phase presenting distinct data requirements (Eu-
ropean Commission et al., 2020). Stakeholders naturally
seek precise data to address their specific needs at various
points in the building lifecycle. However, the AECO sec-
tors traditionally face three technical challenges to perform
effective data collection and management within the sector
(European Commission et al., 2020).

• The absence of a systematic approach for capturing,
storing, analyzing, and organizing valuable data and
information, resulting in data loss.

• Fragmented and dispersed data storage across mul-
tiple organizations and even departments within the
same organization.

• Limitations in the accessibility to and interoperabil-
ity of the data that is collected and stored by one actor
with other stakeholders across the construction mar-
ket value chain.

Essential data required by the various stakeholders often
lacks a centralized repository, and a systematic approach
to data collection, organization, and management is ab-
sent. Addressing the needs of all stakeholders thus proves
to be a challenge. In response, the Digital Building Log-
book (DBL) emerges as a proposed solution. As artic-
ulated by the European Commission et al. (2020), “the
capturing and maintenance of data and information is the

backbone of the DBL.” However, a critical gap persists in
understanding what constitutes valuable data for the di-
verse involved stakeholders. This paper therefore aims to
bridge existing knowledge gaps and build a coherent un-
derstanding of valuable data in the DBL domain and exam-
ine how different stakeholders can engage with that data.
The proposed framework adopts the perspective of a lo-
cal, possibly multi-building, and restricted DBL, empha-
sizing a constrained data flow and excluding the consid-
eration of national or European databases. The presented
framework seeks to establish a versatile DBL capable of
accommodating the diverse requirements of various stake-
holders rather than being confined to a specific category.
Recognizing that stakeholders may possess distinct needs
and perspectives on valuable data, this paper endeavours
to define valuable data by linking it not directly to stake-
holder’s needs but rather to indicators outlined in prior
studies. These indicators are intended to furnish data or
processed data calculations, thereby enhancing the DBL to
deliver a multitude of crucial functionalities for all inter-
ested stakeholders. Despite this localized focus, the work
is forward-looking, aspiring to establish a repository that,
while initially limited in scope, is designed to be expan-
sive and interoperable in the near future. Therefore, the
main contribution of this article focuses on addressing the
gaps that we have identified. To achieve this, the paper
will complement the list of indicators proposed in the sur-
vey paper by Alonso et al. (2023) with a framework that
defines a specific workflow and data flow for a potential
DBL framework applicable in various real-world cases.
This need constitutes the problem statement of this arti-
cle. This innovative approach guides our research and aims
to provide early insights for implementing DBLs that can
adapted to different contexts and enhance their effective-
ness in addressing stakeholder needs. In starting the analy-
sis, the subsequent section introduces several recent works
aroundDBLs. Here, particular emphasis is placed on com-
prehending the present landscape concerning the formula-
tion of DBL frameworks and the comprehension of DBL
data. The succeeding sections then present a theoretical
framework for storing valuable data in DBLs, beginning
with the strategies employed by the authors to elucidate the
meaning of valuable data in the context of DBLs, followed
by a set of guidelines on how to store this valuable data.
The section thereafter presents the hypothetical applica-
tion and validity of our framework in selected real-world
scenarios observed in practice.
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Related Works
In the realm of DBLs, literature is relatively nascent, and
consequently, frameworks dedicated to DBLs are still in
their early stages of development. While the body of work
is emerging, several pioneering studies have laid founda-
tional insights into the domain. Within these studies is
worth mentioning Malinovec Puček et al. (2023), where
the DBL data structures within the context of the EUB Su-
perHub project are defined. The framework presented in
the article aims to provide an essential set of input data
throughout a building’s life cycle to compute the passport
rating across three areas: energy efficiency, sustainabil-
ity, and smartness; aligning with EU legislation require-
ments and anticipating future legislation. One considered
research is by Mêda et al. (2022), where the authors fo-
cused on proposing a process-based framework for DBLs
to address the lack of clear conceptualization of DBL pro-
cesses, data requirements, and stakeholder interactions.
The framework is developed using Business Process Mod-
eling Notation (BPMN) flowcharts and aims to support the
EU framework for data collection, management, and inter-
operability.
Our paper aligns itself with the current trajectory of DBL
research, seeking to contribute to the existing body of
knowledge by tracking and building upon recent advance-
ments in DBL frameworks and their applications. Another
notable scientific publication cited in the proposed paper is
a comprehensive survey carried out in 2023 (Alonso et al.,
2023), which encompasses all publications on the DBL in-
dexed in prominent scientific search engines such as Sco-
pus, Web of Science, and Google Scholar. This work holds
significance as it provides a comprehensive overview of
the existing studies on the DBL topic at large, also giving
a focus on data storage and DBL indicators.
The publications of Gómez-Gil et al. (2022, 2023) were
crucial in defining the parameters of valuable data in
DBLs. In their series of scientific works, they first an-
alyze the four most developed European DBL models to
provide a defined overview to what constructs a DBL—in-
cluding the identification of the key stakeholders in the
DBL and potential user needs, as well as a proposed struc-
ture of indicators, data sources and functionalities— to
identify gaps for future developments (Gómez-Gil et al.,
2022). Their research then progresses to explore the ca-
pacities of DBLs as a gateway to link existing national
databases in Spain and Italy, further exploring the avail-
able data sources and types that can support the services
of a DBL (Gómez-Gil et al., 2023).
For a clearer insight into how valuable data can be em-
ployed in the services of DBLs, an understanding of what
indicators are and how they process data is needed. In their
work, Tupenaite et al. (2017) developed an integrated, hi-
erarchically structured system of sustainability indicators
that can be used in the sustainability assessments of new
residential projects in the Baltic States. Similarly, Møller
et al. (2018) developed the Sustainable Tool for Assess-
ment, Planning, Learning, and Engaging (STAPLE) to cre-

ate a single common method for a comprehensive and in-
clusive design and building process for sustainable build-
ings. How the two publications define sustainability in-
dicators was crucial when building the theoretical frame-
work for the proposed paper.
Apart from scientific publications, two recent European
studies on DBLs are fundamental to this paper. First is the
European tender ¹ led by Ecorys et al.. The study aims to
develop a common European model for DBLs (1) to pro-
mote tools and protocols that ease data use and sharing
throughout the construction ecosystem and (2) to imple-
ment DBLs in a harmonious and interoperable way across
the EU27 Member States. Findings from the project that
are of high relevance to this paper include their final re-
port on Technical Guidelines for Digital Building Log-
books (Ecorys et al., 2023), where the guidelines on setting
up and operating DBLs under a common EU framework
are discussed. The other European project referenced in
the proposed paper is Demo-BLog ² led by TU Delft et
al.. Short for Development and Demonstration of Digi-
tal Building Logbooks, Demo-BLog is a Horizon Europe-
funded project that seeks to exhibit how DBL data can
serve to advance the current evaluation strategies for cli-
mate and energy transition implemented at various levels
in Europe. Findings from the project that are relevant to
this paper include the state-of-play analysis of selected best
practices, where the potential role and scope of the DBL,
including the central features, as well as data handling and
governance issues are explored with stakeholders. The
proposed paper combines findings from both literature and
ongoing European studies to delve into the specific data
elements that should be included in DBLs, how stakehold-
ers should engage with this data, and how the data should
be effectively stored and organized. This approach adds
depth and specificity to the previous research on DBLs,
providing practical guidance for implementing and lever-
aging DBLs in real-world scenarios.

Defining Valuable Data in DBLs
In the context of this paper, ’valuable’ data is defined as
essential files derived from different phases of the building
or dwelling lifecycle. These files are deemed crucial for
storage in a secure repository, as they contain data that can
significantly contribute to enhancing specific categories of
indicators.
The value of both, data and indicators, lies in their ability
to assist in the decision-making processes and facilitate ac-
tions aimed at optimizing building performance and sus-
tainability. Due to the dynamicity of the data requirements
that the construction sector may have, our list of valuable
data does not aim to present a comprehensive compilation
of all possible data that can be gathered during the build-
ing lifecycle, nor are we excluding any type of data that

¹See https://www.ecorys.com/case-studies/technical-
study-for-the-development-and-implementation-of-
digital-building-logbooks-in-the-eu/

²See https://demo-blog.eu/ for more information

799



may become valuable in the future. Our list and definition
of valuable data, at this stage, is formed by an analysis of
the state of the art, documentation from policymakers, and
an examination of commonalities in similar approaches. It
aims to provide and present our process of defining what is
the valuable data as a foundation that can be used as a refer-
ence to characterize the information stored in DBLs. This
paper departs from the notion highlighted in the conclu-
sion by Alonso et al. (2023) that a DBL should avoid over-
lapping with other tools, including Building Information
Models (BIMs) or Common Data Environments (CDEs).
In essence, BIM focuses on detailed 3D modelling and in-
formation management during the building process and a
CDE serves as a collaborative platform or centralized digi-
tal hubwhere construction project stakeholders can access,
share, andmanage any project-related data and documents.
In contrast, a DBL encompasses a comprehensive repos-
itory of essential files from the entire building lifecycle,
offering a secure storage solution and serving as a founda-
tion for diverse stakeholder needs by providing enriched
functionalities based on specific indicators. The proposed
framework therefore aims to establish a foundational struc-
ture that helps to delineate the primary valuable data to
be stored within the DBL to positively enhance the value
of the building or dwelling based on different stakeholder
needs.
In the realm of DBLs, data plays a crucial role in assessing
opportunities and challenges across diverse optimization
scenarios for buildings and dwellings. The services built
around the DBL then process the relevant data to encour-
age energy renovation by providing relevant information to
(1) design renovation roadmaps, (2) carry out maintenance
strategies and (3) monitor and assess the decarbonisation
progress of the building (Gómez-Gil et al., 2022). Such
services are called “functionalities” (European Commis-
sion et al., 2020).
There are various functionalities available in DBLs to sup-
port optimization practices of buildings, from providing
building analysis and status to conducting energy perfor-
mance assessments (Gómez-Gil et al., 2022). To enable
these functionalities, several necessary indicators must be
defined.
An indicator refers to a specific metric or measurable
value derived from the data collected, output, or processed
within the DBL. These indicators are intricately linked to
the valuable files stored in the DBL, as the data within
these files can be extracted or processed to identify mean-
ingful values. These values, in turn, serve as indicators that
provide valuable insights into various aspects of a build-
ing’s lifecycle.
For example, consider an EPC stored in the DBL. The data
within this file, related to a building’s energy efficiency,
can be processed to calculate indicators such as the energy
consumption rate, carbon footprint, or overall energy per-
formance index. These indicators then offer valuable in-
formation that can be used to provide functionalities such
as energy efficiency recommendations, comparison with

industry benchmarks, or compliance checks with environ-
mental standards. In this way, indicators play a crucial role
in unlocking diverse functionalities within the DBL, tai-
lored to meet the needs of different stakeholders involved
in the building lifecycle.
At the moment, the European Union (EU) does not pro-
vide an official list of minimum indicators that should be
included in the DBL, and there is no consensus among the
existing initiatives and proposals (Gómez-Gil et al., 2023).
The role of a DBL can be seen to serve as a database for
storing and processing diverse indicators, shedding light
on the conditions and status of a building. These indica-
tors are contingent on the type of data collected or avail-
able within the DBL, influencing the outputs derived. A
range of indicator categories that aligns with the various
data types should therefore be integrated into a DBL to of-
fer information about the building that is of value. Based
on an analysis of all the scientific publications on the DBL
and its indicators in 2023, Alonso et al. (2023) derived nine
indicator categories in their survey, as can be seen in Table
1 (see next page).
The identified indicators require various data to provide
the functionalities they can support. To ease the identifica-
tion of the necessary data, the Demo-BLog project devel-
oped a data template that also documents the data types,
formats, and sources. The template was initially created
to identify a common data language and/or categorisation
method that can be applied to the five currently operational
DBL initiatives studied in the project: Chimni that oper-
ates in the United Kingdom,Woningpas in Flanders, Bel-
gium, CLÉA in France, CAPSA in Germany and CIR-
DAX in the Netherlands. The data fields identified in this
template can thus be seen as the result of studying every
functionality and data field employed across the five initia-
tives studied, with the terms and scope generalised there-
after to encompass the varying approaches into one uni-
versal table. In total, Demo BLog identified 79 data fields
across the five cases studied that can be considered valu-
able to a DBL.
However, a practical challenge identified in Demo-BLog
is the inconsistencies in the data structure between vari-
ous data sources. For instance, while all utility providers
furnish data on the energy consumption of a building or
dwelling, they do so in different formats and methods.
Though valuable data is abundant, the absence of a stan-
dardized format or scheme to represent the data remains a
barrier for DBLs when coordinating with more than one
data source. While this may lead to challenges in data or-
ganization and interoperability within a DBL, it does not
necessarily depreciate the value of the data stored therein.
This paper thus sees the need to compile a catalogue of
pertinent files and/or documents associated with a building
or dwelling, essential for storage within the DBL. These
documents should be accessible to various stakeholders or
services, facilitating the computation, storage, or retrieval
of indicators crucial for building assessment.
As a starting point, the framework initially emphasizes the
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Table 1: Indicators categories, indicators role and metrics as identified by Alonso et al. (2023)
Indicator Category Indicator Role Indicator Metrics
Building Information Indicators Measures the efficiency of the build-

ing’s information management prac-
tices

Accuracy, completeness, ease of ac-
cess, and security of information

Energy Consumption Indicators Reveals the building’s energy usage,
aiding in identifying areas for im-
provement

Energy consumption over time, meter
readings, real-time energy usage

Indoor Comfort Indicators Provides information on indoor envi-
ronment aspects

Temperature, humidity, air quality,
and lighting levels

Maintenance Indicators Assists in tracking maintenance tasks
such as cleaning, HVAC checks, and
equipment replacement

Schedules, checklists, real-time
maintenance notifications

Occupancy Indicators Displays the number of people in the
building, optimizing energy use and
resource allocation

Number of people

Safety Indicators Offers information on building safety Fire alarm status, emergency light-
ing, evacuation routes

Financial Indicators Shows financial performance Operating costs, revenue, return on
investment

Sustainability Indicators Provides insights into sustainability
performance

Carbon footprint, water usage, waste
generation

Smart Readiness Indicators Reflect a building’s ”smartness” Metrics based on a common EU
scheme

inclusion of files or documents that inherently contribute
value to the DBL and the building or dwelling. The focus
is on saving files without immediate data extraction. Each
stored file should be associated with a record entity, allow-
ing users to input essential information, for instance, the
issued date for an Energy Performance Certificate (EPC).
This record entity serves as a dynamic repository, capa-
ble of being updated with information extracted from the
files or additional services, thus laying the groundwork for
diverse functionalities.
In the following, a non-exhaustive list of valuable
files/documents is identified for storage purposes in a DBL
for future reference, data extraction, or data processing:

• Baseline Industry Foundation Classes (IFC) Files:
These files contain the foundational information
about a building or dwelling in IFC format that can
serve as a reference point for subsequent changes or
evaluations.

• Energy Performance Certificates (EPCs): EPCs
provide a detailed overview of the energy efficiency
of a building, indicating its environmental impact and
offering insights into potential improvements.

• Carbon Bill: This document outlines the carbon
footprint associated with the building or dwelling,
detailing the carbon emissions generated through its
lifecycle.

• Building Renovation Passport: A comprehensive
record detailing the history of renovations, upgrades,
and modifications to the building, offering a holistic
view of its evolution.

• Selected Renovation Scenario IFC Files: Similar
to baseline IFC files, these documents specifically
capture information on selected renovation scenarios,
providing a targeted perspective on planned changes.

• Post-Renovation Analysis: This file contains assess-
ments, data, and analyses conducted after a renova-
tion, offering insights into the impact of the interven-
tions.

• Facility Management Reports: Detailed records on
facility maintenance, operations, and management
activities.

• Sensor Data Logs: Selective storage of sensor data
in a DBL, focusing on key metrics such as occupancy
and temperature that are relevant for building opera-
tions and efficiency, rather than comprehensive data
like in a digital twin.

• Fire Alarm System Reports: Documentation and
analysis of the status, functionality, and events related
to the fire alarm system within a building.

Table 2 links each of the specified valuable files with
the associated indicator categories that are previously out-
lined. This establishes a direct correlation between the
valuable files and the pertinent data they contain that con-
tribute to the indicators, and further, functionalities, within
the DBL. Consequently, this connection aligns with the
overarching objectives of the DBL, enhancing the overall
value proposition for the building or dwelling.
In conclusion, is worth noting that the valuable files out-
lined in this section do not constitute an exhaustive list of
all possible files that can be stored in a DBL. Instead, they
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Table 2: Association of Valuable Files with Indicator Categories. BII = Building Information Indicators, ECI = Energy Consumption
Indicators, ICI = Indoor Comfort Indicators, MI = Maintenance Indicators, OI = Occupancy Indicators, SI= Safety Indicators, FI =

Financial Indicators, SuI = Sustainability Indicators, SRI = Smart Readiness Indicators

BII ECI ICI MI OI SI FI SuI SRI
Baseline IFC files X X X

EPC X X
Carbon Bill X X X

BRP X X
Renovation Scenario IFC X X
Post-Renovation Analysis X X X

Facility Management Reports X X
Sensor Data Logs X X X

Fire Alarm System Reports X

represent foundational information that is present in real-
world scenarios. These files are instrumental in generating
valuable data, thereby enhancing the overall value of the
building and augmenting the utility of the DBL.

Valuable Data and Stakeholders
Stakeholders along the construction and built environment
value chain are essential in gathering, extracting, and pro-
cessing valuable data intended for storage in the DBL.
How this paper defines a DBL stakeholder is grounded on
the findings of the study on the development of DBLs in
the EU, funded by the European Commission, where five
main user groups are defined (Ecorys et al., 2023):

• Governmental agencies that need data for evidence-
informed policy-making, the issuing of licences and
the enforcement of regulation and disaster manage-
ment. This user group comprises all levels of gover-
nance, including national, regional and local levels.

• Construction companies need data to obtain and re-
port building-related information during the design
and execution phases of a building lifecycle. The sec-
tor encompasses various building professionals, in-
cluding architects, engineers, contractors and real es-
tate developers, and the collaboration between the rel-
evant stakeholders is crucial to identifying the vary-
ing data needs and responsibilities.

• Building owners and users who need data on their
buildings for monitoring, maintenance and necessary
interventions. Building owners have an added re-
sponsibility to provide direct or indirect access to
building information to not only the building users
but also to other relevant stakeholders of the DBL.

• Financial institutions that need data to perform var-
ious analyses on the assets market and its develop-
ments, to gain a better understanding of building
transactions. Here, increased transparency and data
quality provided by the DBL is key.

• Utility companies that need data that provides infor-
mation on the connection of utilities and the analyses
on how they are used to provide detailed information
with regards to the building use or performance.

To contextualize stakeholders’ interests in data types with
real-world DBLs, we have compiled a table that correlates
each stakeholder group with the valuable data types that
can effectively add value for them. This association is
derived from the description of the stakeholders’ groups
and the data commonly used in their activities. Addition-
ally, the table indicates the indicator groups related to each
stakeholder group. These associations are detailed in Ta-
ble 3.
Moving forward, in the subsequent part of this section,
we will examine three real-world DBL implementations
among the five studied in the Demo-Blog project, as pre-
sented in Section Defining Valuable Data in DBLs, to ex-
plore their operationalmechanisms, identify themost valu-
able data for each, and present realistic use cases that use
some valuable data previously identified.

• TheWoningpasDBL initiative in Flanders, Belgium,
is automatically available to building owners, includ-
ing individuals and housing companies. Owned by
four Flemish Government bodies, it aims to enhance
energy efficiency in housing stock. Key stakehold-
ers, including government agencies like VEKA and
OVAM, collaborate to ensure energy labels meet re-
gional standards. The Energy Performance Certifi-
cate (EPC) is a crucial document supporting this goal
by providing essential data for planning energy effi-
ciency interventions and continuous improvement ef-
forts in homes.

• The CLÉA DBL, owned by Qualitel, emphasizes
user-friendliness. It offers an equipment module with
user guides and maintenance alerts for HVAC sys-
tems. This feature connects building owners with
utility companies to ensure home comfort. Facility
management reports tracking service changes are vi-
tal for this functionality.

• TheCIRDAXDBL is a commercial digital materials
database operating in the Netherlands and Belgium.
It catalogues building components and materials ob-
tained through 3D scanning and manual services. Its
focus lies in creating amarketplace for secondaryma-
terials, connecting demand with supply for building
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Table 3: Association of Stakeholder Groups with Indicators and Valuable Data from Table 2

Stakeholders Indicators Valuable Data
Governmental Agencies BII, ECI, MI,Sul, SRI, FI IFC files, EPC, BRP

Construction Companies BII, ECI, MI, OI, SI, FI, Sul, SRI IFC files, EPC, BRP, Renovation scenario IFC,
Post renovation analysis, Fire alarm system report

Building owners and users BII, ECI, ICI, MI, OI, SI, FI, Sul, SRI All valuable data in table 2
Financial institutions FI, Sul, SRI IFC files, EPC, Carbon bills
Utility companies SI, SRI, BRP EPC, Facility Management reports

reuse. Key documents like the baseline IFC file, de-
tailing building construction, and the carbon bill, cal-
culating embodied carbon, engage the construction
sector in circularity goals by providing crucial data
for material reuse and carbon impact assessment.

The examples highlight the importance of considering the
unique context of each DBL — including its founding
goals, stakeholder domains, and primary target market —
when designing and testing data storage, extraction, pro-
cessing, and transfer methods. Considering the DBL as
a tool that can accommodate various perspectives, prior-
ities, and challenges is crucial in this process. With this
in mind, the following sections present a framework that
could be utilized in these scenarios. Subsequently, in the
next section titled Framework Alignment, we will illustrate
how our framework could be applied to these case exam-
ples, leveraging the valuable data previously presented to
provide insights to different stakeholder groups.

Data Storage Guidelines
In this section, we anchor our approach in the context
of a local DBL. These guidelines are crafted to establish
a framework applicable to individual buildings or local
DBLs, laying the foundation for potential expansion to-
ward interoperable or national DBLs. Recognizing the dy-
namic nature of the DBL landscape, our focus is on con-
structing a framework that leverages existing technologies
and data processes, minimizing the costs associated with
creating new ones.
The suggested strategy operates under the premise that the
DBL functions as a cloud-based solution. Consequently,
the data storage for the DBL is also envisioned as cloud-
based, ensuring data availability.
Our approach conceives the DBL as a “sink” for data, serv-
ing as a central storage repository where building files con-
taining valuable data are stored. Consequently, our ap-
proach concentrates on DBLs focused on data archiving
and not on having pointers or links to data in external tools.
Another important point, crucial for security, is to en-
crypt every file in the DBL. Access to these encrypted
files will be strictly controlled by an access management
system, ensuring that only authorized stakeholders can re-
trieve them. Access can be facilitated through either a
user-friendly interface or an Application Programming In-
terface (API). This solution needs to accommodate three
primary types of files: (1) documents and binary data for-
mats, (2) computer-readable data, and (3) key values. By

encompassing these categories, we aim to cover the entire
spectrum of considered valuable data.
To support these types and formats of data and to be flex-
ible in both formats and semantics, an architecture with
a data layer that manages these different options is con-
sidered. This layer should allow higher layer components
(e.g., the aforementioned semantic analysis) tomanage and
handle this data, before its presentation to the user.
In this framework, files remain unaltered once uploaded,
accompanied by a record detailing vital file characteristics.
Stakeholders responsible for uploading, whether users or
services, must store this record simultaneously with the
file, enabling other services to access files, extract crucial
information, and insert it within the record or as an output
calculated with that information.
To enhance interoperability, the record entity is intricately
linked to one or more files, allowing users or authorized
services to systematically append relevant information. To
address the absence of a unanimous consensus on defin-
ing a clear data structure for DBL data, we propose stor-
ing significant files alongside a flexible Record structure.
This structure, while inherently flexible and customizable
for various needs, should incorporate standardized essen-
tial metadata, such as the associated building, upload date,
user responsible for the upload, and a log documenting any
modifications.
Embedded within this framework, a fundamental entity
representing the building or dwelling will encapsulate key
information, including address, the number of floors, and
other pertinent details. This central entity will serve as the
linchpin connecting each record to its associated building.
By referencing the building entity in all records, we estab-
lish a cohesive structure that facilitates the organization of
valuable data and files in a scalable manner. This design
choice not only enhances the coherence of the DBL but
also contributes to its scalability, accommodating a broad
spectrum of building types and configurations.
For instance, imagine a scenario that highlights the flex-
ibility of the record structure within a DBL, particularly
with storing a BRP. Stakeholders uploading records have
the option to include additional details such as issuance
and expiration dates, or they may choose to provide only
mandatory information like the associated building. This
dynamic structure allows for various use cases and enables
modifications to align with semantic model structures.
In essence, our data storage guidelines are rooted in prac-
ticality to provide a scalable and adaptable framework that
aligns with existing technologies, while simultaneously
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laying the groundwork for potential future developments.

Framework Alignment
In this section, wewill explore the hypothetical application
and validity of our framework in the use cases introduced
in the Valuable Data and Stakeholders section.
Aligned with the proposed framework, the DBL employs a
robust data storage strategy. Each file, including the EPC,
the facility management report, and the building IFC is en-
crypted to ensure security. Access is meticulously con-
trolled, permitting only authorized stakeholders – home-
owners, government agencies, energy consultants, or ser-
vice providers – to retrieve these files. Stakeholders can
access files through a user-friendly interface or APIs, em-
phasizing accessibility.
As previously mentioned, to maintain data integrity, up-
loaded files remain immutable, and stakeholders or appli-
cations responsible for uploading the data are required to
accompany each file with a dynamically structured record.
This record, linked to the file, is populated with metadata
providing essential details such as the date of issue or ex-
piry.
Stakeholder engagement is a pivotal aspect. In the Won-
ingpas use case, homeowners, responsible for storing doc-
uments, enjoy flexibility in contributing additional details
to the associated record. Although the identity of the stake-
holder uploading the EPCmight not be certain, the process
remains straightforward, facilitated through either the user
interface or APIs. Upon EPC upload, a record entity is cre-
ated, detailing the associated building, the uploader, and
the upload date.
This structured framework facilitates collaboration. Stake-
holders with access can download the EPC and utilize it for
various calculations. The outputs, which could range from
Key Performance Indicators (KPIs) to specific energy val-
ues or recommended interventions, can be stored as files
with a record linked as the case of valuable data or even
only with a record. This process, whether through user
interaction or automated APIs, reinforces the scalability
and adaptability of the framework, promising future ex-
pansions in the DBL landscape.
Within the CLÉA scenario, a facility management report
is primarily generated by utility companies that provide
services and products such as energy provision and HVAC
equipment to homes. The collected data, encompassing
both their professional insights and meter-recorded util-
ity usage, can be efficiently uploaded to the DBL through
APIs or the user interface. The data may take a static
form, such as documents containing processed information
handed over to homeowners as statements or transaction
receipts, effectively serving as the facility management re-
port.
In our DBL framework, for simplicity, we focus on static
data uploaded as files, which will not change over time.
From this file, key stakeholders can perform calculations
to determine when the next services, possibly maintenance
tasks or updates, are scheduled to take place. This process,

seamlessly integrated into the DBL, aligns with our frame-
work’s emphasis on practicality, scalability, and adaptabil-
ity. It provides a robust foundation for potential expan-
sions in the DBL landscape while ensuring valuable data
remains organized and accessible.
Lastly, in the CIDRAX scenario, the baseline IFC file
stored in the DBL is created collaboratively by stakehold-
ers involved in the construction or renovation processes.
The document serves as a comprehensive snapshot of the
building’s construction, offering a thorough understand-
ing of its structure. It includes intricate details about the
type and quantity of materials used, their spatial distribu-
tion within the building, and other relevant specifics. The
active participation of stakeholders such as architects, ma-
terial providers, and contractors is thus essential during the
construction or renovation stages to ensure the accuracy of
this data. This information is then stored in the DBL, mak-
ing it accessible to authorized stakeholders.
Authorized stakeholders, including companies like CIR-
DAX, can retrieve this stored baseline IFC file from the
DBL. The document becomes a valuable resource for CIR-
DAX’s objective of promoting circular building practices.
By analyzing the detailed information within the base-
line IFC file, stakeholders can identify the availability of
reusable materials, quantification of materials and opti-
mization of construction practices. After identifying this
information, it can be incorporated into the DBL as an
immutable file, accompanied by a record entity. This en-
sures accessibility for all stakeholders while being securely
stored in a protected repository.
This section lays the groundwork for conceptualizing
DBLs as repositories of pertinent information. Starting
from such realistic scenarios, derived from empirical ob-
servations of the data types already used in real-world
DBLs and their purposes, we generalized the processes to
establish paradigms on how a DBL should function. This
information will be the source for the definition of an ar-
chitecture and the elaboration of a platform that can be val-
idated by using empirical data and quantitative and qual-
itative indicators. Qualitative processes such as user sat-
isfaction surveys and stakeholder interviews can provide
insights into the usability and effectiveness of the frame-
work. On the quantitative side, metrics such as the average
time taken to retrieve information and analysis of API us-
age patterns, including the frequency and volume of API
calls and the data used by different stakeholders, can mea-
sure the efficiency and relevance of the data.
In conclusion, the hypothetical application of our proposed
framework across diverse real-world use cases demon-
strates its robustness, scalability, and adaptability within
the dynamic landscape of DBLs. Our emphasis on data
security, controlled access, and the integration of dynamic
record entities ensures the reliability and integrity of valu-
able data. Stakeholder engagement remains at the fore-
front, providing flexibility for various users to contribute
and access information through user-friendly interfaces or
APIs. The structured framework not only supports cur-
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rent needs, as illustrated in the presented use cases but also
promises a foundation for future expansions in the evolv-
ing DBL landscape. Through this approach, we aim to fa-
cilitate collaboration, enhance data organization, and up-
hold accessibility, fostering a more effective and sustain-
able management of building-related information.

Conclusion
Buildings generate increasing amounts of data and infor-
mation, which end up scattered in disparate databases.
This volume and distribution of data lead to difficulties
and challenges in making informed decisions based on it.
DBLs have emerged as a key solution to bridge these data
availability and archiving challenges.
However, not all data is equally important for making de-
cisions during the building life cycle. Plus, there’s still no
clear agreement on what DBLs should do, what data they
need, and how they fit with other construction software.
It is important to recognize that certain aspects, such as the
detailed structure, components, and features of the DBL
that will implement our framework, require further elabo-
ration and exploration. These areas should be considered
as part of future work to enhance the understanding and
implementation of DBLs in real-world scenarios. By ac-
knowledging the need for continued research and develop-
ment in these areas, we aim to contribute to the ongoing
advancement of DBL frameworks and their effective uti-
lization in the construction industry.
The analysis done in this article also allows us to identify
some research gaps, which will enable us to frame future
work. Specific aspects of these research gaps include:

• An Undefined Criteria for Valuability: The ab-
sence of universally accepted criteria for categorizing
data as “valuable” in the context of DBLs. This arti-
cle has attempted to find some common ground and
offer suggestions on this topic.

• Inconsistencies in Data Structure: The absence of a
standardized format or scheme to represent valuable
data, leading to inconsistencies in data organization
and challenges in interoperability between different
stakeholders.

• Limited Stakeholder Engagement: A knowledge
gap exists among various stakeholders, including ar-
chitects, engineers, and maintenance personnel, re-
garding a standardized approach to systematic data
collection and storage.

• Overlapping and InteroperabilityChallenges: The
lack of clear differentiation between distinct solutions
in the construction ecosystem (e.g. Common Data
Environments, Digital Twins, Construction Manage-
ment Software), what data each manages, processes
or stores and how they interoperate.

Our future work is in line with addressing these gaps
and defining an optimal architecture to support the data

mentioned in the article. This, together with research
on ontologies, such as Smart Applications REFerence
(SAREF)³, which can be used to enrich the data, will allow
us to design an efficient and adaptable reference DBL, and
properly compare and evaluate the available DBLs.
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Abstract
Digital Twin technology has revolutionised overseeing
newly built structures. This study suggests employing digi-
tal twin-based automatic progress monitoring on construc-
tion sites, comparing 3D point clouds with their Building
Information Modelling to track progress and predict com-
pletion. It highlights integrating semi-continuous moni-
toring with a building’s digital twin for efficient construc-
tion management. Leveraging precise data enhances un-
derstanding and identifies schedule deviations, enabling
timely actions. Demonstrated through real-world con-
struction data, visualised Gantt charts showcase its effi-
cacy, offering insights into task status, schedule devia-
tions, and projected completion dates. This underscores
digital twin technology’s potential to transform construc-
tion oversight.

Introduction
Scan-to-BIM provides a comprehensive assessment of
the as-built state in the context of performance improve-
ment (Bosché et al., 2015; Drobnyi et al., 2023b, 2024).
Despite its impact, laser scanning is somewhat limited to
surface recognition, lacking depth in reflecting built ele-
ment quality (Hoiem et al., 2022). Researchers explore
embedded sensing for conditional data assessment (Al-
izadehsalehi and Yitmen, 2016). Integrating laser scan-
ner technologies and advanced wireless sensors offers op-
portunities for comprehensive project exploration, enhanc-
ing performance control and project management bymerg-
ing as-planned models with data-capturing reality. Ef-
fectively managing vast and complex data for real-time
progress monitoring requires an intelligent system contin-
uously learning from various sources, including historical
archive data (Boje et al., 2020). IoT technologies and re-
lated systems, combined with digital twin and cognitive
computing, collect real-time data (Dawood et al., 2020).
Visualizing digital data for stakeholders in different project
stages is crucial, with XR technologies providing multidi-
mensional perspectives (Alizadehsalehi et al., 2020).
As per the Project Management Body of Knowledge (PM-
BOK), controlling and monitoring a construction project
encompasses processes to oversee progress and perfor-
mance, identifying areas requiring plan adjustments, and
initiating corresponding changes (Guide, 2001). These
processes entail measuring progress through inspections
(as-built) and comparing it with the project plan (as-
planned) to validate predicted performance. The overar-
ching goal of monitoring is to ensure effectively managed
results and outputs by measuring and assessing project
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performance (Lin and Golparvar-Fard, 2020). Measur-
ing work in progress on construction sites is crucial for
project management, impacting various aspects such as
time, cost, quality, and safety. This task is particularly
challenging due to the complexity and interdependency of
activities (Arif and Khan, 2021).
Traditional progress tracking practice depends on visual
inspections and daily or weekly reports created based on
those inspections to ensure that work meets contract speci-
fications and schedule (Golparvar-Fard et al., 2009). These
traditional practices are often slow and rely heavily on the
inspectors’ personal judgment, observational skills, and
weekly expert follow-ups with a high probability of com-
plete and accurate reports. Effective monitoring is crucial
for project success; however, even the most robust moni-
toring systems are insufficient if the project is poorly de-
signed or built on flawed assumptions. Building Informa-
tion Modelling is a digital representation of a building,
capturing 3D geometry and semantic descriptions of com-
ponents (Kim et al., 2020b). The AEC industry-accepted
BIM provides a suitable basis for automated construc-
tion progress monitoring. It serves three essential pur-
poses: providing as-planned data, as-built data, and en-
abling their comparison (Machado and Vilela, 2020). As
the baseline for construction progress monitoring, BIM
binds AEC contract information, facilitates access to ge-
ometric data, allows for special visualization of sched-
ules, and manages progress-related information. Recog-
nized as a rich data source, BIM is pivotal for automated
project progress monitoring (Kim et al., 2020a). A well-
designed BIM model analyses operations in construction,
aiding site management, enhancing communication, coor-
dinating contractors, and planning logistics (Kopsida and
Brilakis, 2020). While traditional Building Information
Modelling (BIM) and construction schedules effectively
capture the as-designed and as-planned phases, they inher-
ently lack timely updation of the as-built and as-performed
states during construction progression. This deficiency
arises due to the static nature of BIM and schedules, which
do not dynamically update as construction activities un-
fold. Construction sites’ inherent heterogeneity and tem-
poral dynamics present formidable challenges to accurate
progress monitoring.
This paper proposes using DT to monitor the progress of
large-scale construction sites. The major contribution is
the tight integration of progress monitoring to DT, facil-
itating timely progress monitoring of a real construction
site. The pipeline of the DT-based progress monitoring
is as follows: The workers capture laser scans at the site
and are passed to the DT platform. Then, the detection
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model in the platform automatically detects as-built ele-
ments and pushes the information generated from raw data
to the graph. This will trigger the progress monitor and tra-
verse the graph to get the progress information at the ac-
tivity level. Here, an activity refers to a grouping of tasks,
where each task represents a specific job tied to a particular
element on the construction site. We calculate the current
status of the progress (on schedule, ahead of schedule, and
behind schedule) of each activity and estimate the finished
date if the progress is behind schedule. We visualize these
results in a Gantt table via a dashboard, which managers
can quickly investigate.

Background
In response to these challenges, Digital Twins Construc-
tion (DTC) is emerging as a focal point of attention, of-
fering a reliable information source for continuous pro-
duction planning and adaptive product design throughout
the construction lifecycle. However, the successful inte-
gration of DTC faces challenges – industry-wide adop-
tion, technical intricacies ensuring the precision and ac-
cessibility of data (Sacks et al., 2020). Crucially, DTC
should not be perceived merely as an extension of ex-
isting tools like BIM but as a transformative approach
to construction production management, emphasizing a
closed control loop (Sacks et al., 2020). The concept of
DTC, coupled with automated data acquisition, establishes
a framework for automatic progress monitoring, obviat-
ing the limitations of conventional techniques. This study
directs readers to a comprehensive exploration of digital
twins in construction through a recent review paper au-
thored by (Opoku et al., 2021), providing invaluable in-
sights into the evolving landscape of construction technol-
ogy and methodologies.
To streamline and enhance the efficiency of progress moni-
toring processes, the initial step involves identifying newly
constructed objects since the last data acquisition. This
task is inherently challenging during the construction cycle
due to noise, missing data, and local disparities in the po-
sition of as-built elements compared to their as-designed
counterparts. The proposed solution involves locating in-
stances of the as-designed model within LiDAR data ac-
quired on construction sites. Current state-of-the-art ap-
proaches for object detection fall into two primary cate-
gories: traditional and deep learning (Chu et al., 2023; Lan
et al., 2024). Traditional computer vision algorithms for
object detection rely on deterministic procedures involv-
ing primitive shape fitting and statistical analysis (Drobnyi
et al., 2023a). The most established methods within this
category include RANSAC, Hough transform, and region
growing. For instance, the efficacy of the Hough trans-
form in detecting pipes within noisy 3D point clouds was
demonstrated by (Ahmed et al., 2014). RANSAC-based
methods have gained popularity due to their robustness in
automatically segmenting building object instances repre-
sented by basic shapes such as cuboids and cylinders, en-
abling the detection of slabs and pipes. (Anagnostopoulos

et al., 2016) applied RANSAC to detect wall surfaces, fa-
cilitating the reconstruction of rooms from 3D point cloud
data (Anagnostopoulos et al., 2016). The second category
employs deep learning techniques, with deep neural net-
works emerging as the predominant method for object de-
tection. Notably, the PointNet architecture, a deep neural
network specifically designed for point clouds, was intro-
duced by (Qi et al., 2017). PointNet predicts the class la-
bel for each object segment, receiving a cluster of points
as input and outputting a category prediction among 13
classes (Chen et al., 2019).
(Hu and Brilakis, 2024) proposed an automatic cluster-
ing method to segment the points corresponding to the
as-designed instance. The workflow contains (1) In-
stance descriptor generation, (2) PROSAC (Progressive
Sample Consensus) based shape detection, and (3) DB-
SCAN (Density-Based Spatial Clustering of Applications
with Noise) based cluster optimization. The method
matches design-intent planar, curved, and linear struc-
tural instances in complex scenarios, including (1) the as-
built point cloud is noisy with high occlusions and clutter;
(2) deviations between as-built instances and as-designed
models in terms of position, orientation, and scale; (3) both
Manhattan-World and non-Manhattan-World instances.

Methodology
In this work, we develop our progress monitoring method
based on a holistic cloud-based Digital Twin Platform
(DTP). This platform operates on a structured ontology,
facilitating storing both the as-designed and as-built infor-
mation for every element within a construction site. This
platform intricately captures and retains the element-level
status of each component present on the construction site.
The status information is derived through various DT ser-
vices, which meticulously process raw 3D point clouds
from routine construction site surveys with laser devices.
We use a BIM-assisted 3D object detection algorithm to
ascertain the presence of each element within the as-built
data. Such information is transmitted and systematically
stored in the DT platform as element-level status, forming
a comprehensive repository of the construction site’s dy-
namic and evolving conditions. By retrieving and process-
ing the information in the DTP, we calculate the activity-
level progress status and estimate the finish date of the ac-
tivity.

Ontology
The pertinent partial ontology for this study is illustrated in
Figure 1; the complete ontology can be found in (Schlenger
et al., 2022). Construction information is organized within
a graph-based database, aligning with the structure de-
fined by the ontology. The ontology bifurcates into as-
planned and as-performed segments, encompassing Work
package, Activity, Task, and as-designed elements un-
der the as-planned side. In contrast, the as-performed
side includes Construction, Operation, Action, and
as-built elements. These nodes adhere to a hierarchical
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Figure 1: Visualization of a segment of the Digital Twin
ontology employed in the progress monitoring pipeline.

order and establish connections through various relation-
ships. Notably, the work package node, functioning as
an aggregation of activities, is linked to respective activ-
ity nodes through the hasActivity relationship. The as-
planned and as-performed sides of nodes are connected
with intentStatusRelation. Recognizing that con-
struction plans often operate at the activity level, the as-
planned schedule is storedwithin the Activity node, cap-
turing start and end dates. The schedule reflecting the
as-performed activities is archived within the Operation
node, mirroring the data in the Activity node. In in-
stances where no prior surveys have been conducted for
the target building, the operation’s start date is presumed to
align with the as-planned start date. Alternatively, if pre-
vious surveys have been undertaken, the operation’s start
date is designated as the most recent scan date. The con-
clusion of the operation is determined by extracting the lat-
est update date at the element level. The as-built element
node retains the progress at the element level, computed
using the BIM-assisted 3D object detection algorithm (Hu
and Brilakis, 2024).

Object detection
Automating progress monitoring necessitates the initial
step of detecting constructed objects on construction sites,
a task burdened with challenges, as outlined in the pre-
ceding background section. Streamlining this process re-
quires a global registration between the BIMmodel and 3D
point cloud data. We utilize a global registration method
to align the coordinates of the BIM model and LiDAR
data (Monasse et al., 2023). This efficient algorithm opti-
mizes global robust energy between two line segments ex-
tracted from the BIM and LiDAR data. Once registered,
the Region-Of-Interest can be confined to the upscaled
bounding box of the query as-designed element, provided
the BIMmodel and LiDAR data share the same coordinate
system. This region of interest will be an input to a filter-
ing step to remove clutter, if they exist. Given the geomet-
ric richness of the construction environment, we propose a
novel solution based on geometric features, with a specific
focus on planar polygons as a robust data abstraction. Our
method involves detecting and clustering planar polygons

in each dataset, followed by a matching step to compare
planar polygons within associated clusters. This compari-
son allows us to identify local discrepancies in position, if
they exist, ultimately eliminating false detection. We not
only determine if there is a local discrepancy but also cal-
culate the corresponding geometric transformation. This
can avoid false positive detection when facing significant
local discrepancy.

Integration with DTP
Specific Application Programming Interfaces (APIs) have
been developed to facilitate seamless communication with
the DTP¹. These APIs enable the retrieval, creation, and
updating of nodes within the DTP. The comprehensive
progress monitoring pipeline is visualized in Figure 4.
Given the assumption that the DTP is current with both as-
built element progress and operation start and end dates,
an initial fetch request is initiated to retrieve all activity
nodes from the DTP. Subsequently, each activity’s as-
planned start and end dates are extracted from the cor-
responding activity nodes. Following the hierarchical
structure, all as-designed element nodes linked to each
activity node through relationships like hasTask and
hasTarget are retrieved from the DTP. Leveraging the
intent-status relation, with intentStatusRelation cor-
responding to the as-built node for each as-designed node
is fetched. The element-level as-built progress is then
aggregated from the as-built element nodes. Employing
reverse relationships with hasTarget and hasAction,
operation nodes are fetched, and the associated as-
performed schedules are compiled. Once the as-planned
schedule, as-performed schedule, and element-level as-
built progress are at our disposal, the groundwork is laid
for the computation of progress at the activity level.

Progress calculation
The determination of activity status in relation to the
schedule is outlined in Table 1. An activity is marked as
ahead of schedule if the element-level progress exceeds
zero and the end date of the operation precedes the cor-
responding activity end date. The cumulative assessment
considers an activity as ahead of schedule if a majority of
its elements exhibit this characteristic. Simultaneously,
the percentage of completed tasks within an activity is
computed. In the case of an activity falling behind sched-
ule, themaximumdelayed task determines the extent of the
delay. To further enhance understanding, the calculated
percentage of tasks completed, and the determined delay
duration are employed to estimate the revised end date us-
ing a projection function. Presently, the projection utilizes
an S-shaped function, closely resembling actual construc-
tion progress (San Cristóbal, 2017).

Results & Discussion
The experimentation encompassed utilising both as-
designed data and 3D point cloud data obtained from a

¹https://github.com/BIM2TWIN-Team/DTP_API
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Figure 2: As-designed and point cloud data from a construction site in Spain.

Figure 3: Visualization of columns detected on a construction
site. The detected columns are marked in pink.

Figure 4: Visualization of the pipeline depicting the progress
monitoring algorithm execution flow

construction site located in Spain, as shown in Figure 2.
The detection results of columns in shown in Figure 3.
As can be seen, our method can detect corresponding el-
ements in the whole point cloud building. The output of
the progress monitoring encompasses key metrics, includ-
ing the percentage of tasks completed, progress status, the
number of days ahead or behind the schedule, and the pro-
jected completion date for each activity. To enhance the in-
terpretability for construction managers, the results are vi-
sually presented in the form of a Gantt chart, as depicted in
Figure 5. Gantt charts were chosen due to their widespread
usage in construction scheduling, making them a familiar
and effective visualization tool for managers. Each ac-
tivity is graphically represented by two horizontal bars:
one reflecting the as-planned schedule and the other the
as-performed schedule. The as-planned schedule is de-
noted by a grey bar, while the as-performed schedule is
illustrated with a coloured bar. In the chart, a dark red
bar signifies that the activity is complete but was delayed,
whereas a dark green bar indicates that the activity is not

Table 1: Criteria for assessing activity status concerning
schedule compliance.

Condition Decision

Element level progress > 0

Activity end time >
Operation end time

Ahead

Activity end time <
Operation end time

Behind

Activity end time =
Operation end time

On

Element level progress = 0

Activity end time >
Operation end time

On

Activity end time <
Operation end time

Behind

Activity end time =
Operation end time

On

complete but is on schedule. Light red signifies that the
activity is behind schedule and has not yet been initiated,
while light green indicates that the activity is on schedule
and has yet to commence. The textual information over-
laid on the grey bar corresponds to the name of the activity
assigned by the construction company. Additionally, text
overlaid on the coloured bar details the progress status, the
number of days the activity is ahead or behind schedule,
and the projected completion time.
Following this, the Key Performance Indicators (KPIs), in-
cluding the percentage of tasks delayed per activity (KPI1)
and the percentage of delay in days per activity (KPI2), are
systematically computed. KPI1 is the quantitative mea-
sure obtained by dividing the number of delayed tasks for
each activity by the total number of tasks scheduled for
that specific activity. This ratio provides a nuanced under-
standing of the prevalence of task delays within individual
activities, contributing valuable insights into the project’s
task-level performance. Simultaneously, KPI2 is calcu-
lated by determining the ratio between the number of de-
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Figure 5: Graphical representation of progress monitoring algorithm output in Gantt chart format for enhanced comprehension

layed days for each activity and the planned duration (as-
planned days) for that respective activity. By doing so,
KPI2 offers a comprehensive overview of the temporal as-
pects of project performance, highlighting the extent of de-
lays compared to the initially envisaged project timeline.

These calculated KPIs play a pivotal role in assessing
the efficiency and timeliness of project activities. Once
computed, the KPI values are securely stored within the
DTP, forming an integral part of the platform’s reposi-
tory of project performance data. This centralized stor-
age ensures that historical KPI data is readily avail-
able for analysis, comparison, and continuous improve-
ment efforts. Furthermore, to enhance accessibility and
visibility, these KPIs are dynamically displayed on the
project’s dashboard. This strategic placement on the dash-
board gives project stakeholders timely, at-a-glance in-
sights into key performance metrics. The dashboard be-
comes a central hub for monitoring and understanding
project delays, fostering a proactive approach to decision-
making based on the current project status. The source
code for this paper is accessible on GitHub at the fol-
lowing URL: https://github.com/BIM2TWIN-Team/
WP3-progress-monitor.

As highlighted in a recent comprehensive review on com-
puter vision (CV) aided progress monitoring in construc-
tion (Sami Ur Rehman et al., 2022), the conventional
progress monitoring methods are characterized by slow-
ness, tediousness, and susceptibility to errors. However,
the existing body of literature on CV-based progress mon-
itoring is dispersed across various domains, lacking a co-
hesive focus on methodologies and processes throughout
the entire CV-based progress monitoring workflow. This
article addresses this gap by presenting a holistic approach
that provides timely information and knowledge through
Key Performance Indicators (KPIs). Such data availabil-

ity is critical, enabling simulations of alternative execu-
tion plans that prove invaluable at different construction
stages. This capability is instrumental in minimizing de-
lays and optimizing equipment usage, as discussed by Ye-
ung et al. (Yeung et al., 2022). By consolidating insights
and methodologies, our approach aims to streamline CV-
based progress monitoring into a coherent and efficient
process.

Conclusion
This study emphasizes the profound impact of DT tech-
nology on monitoring and managing newly constructed
buildings. The proposed DT-based method marks a sub-
stantial leap in automatic progress monitoring for real-
world construction sites. Utilizing scanners to collect 3D
point clouds and Digital Twin Platforms (DTP), this ap-
proach allows detailed construction status analysis and
completion timeline prediction. The seamless integration
of semi-continuous monitoring with the building’s DT un-
derscores the pivotal role of DT tech in efficient construc-
tion management. Leveraging precise data not only en-
hances project understanding but also enables timely de-
viation identification, empowering stakeholders to imple-
ment corrective actions and proactive strategies, enhanc-
ing project efficiency. Extensive real-world experiments
validate this method’s effectiveness, highlighting DT’s po-
tential to transform construction monitoring and foster
adaptive project management. As DT continues evolv-
ing, its integration into construction processes will be vital
for achieving optimal efficiency, accuracy, and proactive
decision-making.
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Abstract 
The digital twin (DT) concept can potentially bring about 
a systematic approach to digitalizing information for road 
infrastructure systems. However, it is currently unclear 
how the DT concept can be applied in the highway 
maintenance domain and what the benefit is. This study 
conducts a questionnaire survey to explore what industry 
professionals view as the main obstacles in current 
practice and what areas of highway maintenance can 
improve if using a road DT. A total of 183 responses were 
obtained from highway industry practitioners. The results 
reveal the main issues in maintenance processes and 
potential use cases of DTs.   

Introduction 
Highway infrastructure systems play an essential role in 
society, the economy, and security. However, with the 
increasing number of vehicles travelled on the road 
network, real-world road assets are experiencing rising 
traffic load and utilization (Sinha, Labi and Agbelie, 
2017), causing risks of structural failures. Therefore, 
maintaining highway assets consistently above a standard 
level is challenging, requiring a comprehensive 
acquisition of dynamic road condition data and effective 
data analytics tools to forecast road states as well as make 
sound treatment strategies. Unfortunately, highway 
authorities still heavily rely on manual inspection to 
assess road condition (Koch et al., 2015) and make 
treatment plans based on the experience of pavement 
experts. The entire highway maintenance process may be 
changed by the newly emerging digital twin (DT) 
approach, which might enhance data acquisition, 
integration, analysis, and decision-making in a systematic 
way.     
A DT represents a digital replica of  physical assets and 
processes involved in the built environment lifecycle, 
enabled by a twin-based system (Brilakis et al., 2019). In 
the highway maintenance context, DTs provide a detailed 
virtual model that simulates the behaviour and operations 
of physical highway infrastructure systems. Based on the 
dynamic virtual model, DTs bring about a new 
information management (IM) approach that can 
potentially improve data interoperability, integration, and 
analytics. In this way, highway experts may be able to 
efficiently retrieve useful information from DTs and make 
more appropriate decisions on maintenance interventions. 
So far, the DT concept has been widely applied in the 
fields of aerospace (Li et al., 2021), manufacturing 
(Kritzinger et al., 2018), and recently gained popularity in 
building construction (Sacks et al., 2020). However, 
implementation of DT approach in highway maintenance 
is still scarce. It is currently unclear how the DT approach 

can be applied in this area and what actual benefits a DT 
can provide. Without knowing the purpose of using a DT, 
it is impractical to build a road DT system with a decisive 
scope of meta modelling, level of detail (LOD) for model 
instance generation, and frequency of data updating.  
To tackle these issues, this study describes results from a 
questionnaire survey for highway industry practitioners to 
understand the main barriers in their professional 
workflows and the potential improvements that can be 
realised using a road DT. This questionnaire study is 
designed based on (a) a state-of-the-art review of DTs in 
road domain; and (b) interviews of 20 industry experts 
from the UK National Highways company, which 
manages England's motorways and major A roads 
(National Highways, 2021). The survey was further 
disseminated to highway industry practitioners 
internationally through different channels, such as email 
invitations. As a result, 183 valid responses have been 
obtained from different regions, mainly the UK, China, 
US, India, and Australia. The survey unveils crucial 
phases, applications, and use cases that a road DT can 
potentially take effect on. It also shows how practitioners 
perceive the challenges of DT deployment in the highway 
industry.   
In the following sections, we first review relevant studies 
about DTs of road infrastructure. Then, we demonstrate 
the research methodology before presenting and 
discussing the survey results. At last, we draw conclusions 
by summarizing key findings and contributions. 

Background research on DTs for road 
infrastructure 
In the planning and design phases, a road DT is mainly 
used to assess the impacts of new road designs on existing 
networks and natural environments. Machl et al. (2019) 
present a DT-based method to assist road planners in 
assessing design impacts on agricultural core road 
networks. Jiang et al (2022; 2022a) propose a method to 
automatically generate DTs of road networks from open 
map data and use the DT to check the clearance of 
underpass roads in road widening projects. Jiang et al. 
(2022b) propose a DT-enabled sustainable urban road 
planning framework that integrates multi-criteria 
decision-making and Geographic Information System 
(GIS), where DTs provide the routes and traffic 
congestion data.   
In the road construction phase, the DT is indirectly used 
to assess the performance of new road materials. Meza et 
al. (2021) developed a road DT to examine the use of 
secondary raw materials (SRM) in real road construction 
projects. Manually developed road Industry Foundation 
Classes models are imported into a common data 
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environment platform that allows the integration of sensor 
data installed in various pavement layers. In addition, 
some existing studies integrate building information 
models (BIM) and the Internet of Things (IoT) for road 
construction monitoring, which is close to the concept of 
DT. For example, Han et al. (2022) propose a BIM-IoT 
and intelligent compaction (IC)-integrated framework for 
road compaction quality monitoring and management.  
In the operation and maintenance (O&M) phase, many 
road DTs are created in different ways without a specific 
purpose. Marai et al. (2021) present a road DT system 
using a 360° camera and IoT devices. The live stream, 
GPS location, and measurements of the temperature and 
humidity are dynamically sent to the DT, with interested 
objects (e.g., vehicles) detected and tracked. Wang et al. 
(2021) use 3D GIS technology to develop a highway DT, 
where the Computer-generated Architecture language is 
employed to build the road geometric model. Steyn and 
Broekman (2022) develop a DT prototype of a local road 
network that uses LIDAR, unmanned aerial vehicles, and 
sensor systems to capture road geometry, traffic flow data, 
and road environment data, respectively. In contrast, some 
studies discuss some potential applications of DT. For 
instance, Chen et al. (2022) propose a DT-based 
framework for road condition prediction  that inputs 
historical and real-time data from the whole road lifecycle 
into machine learning algorithms to predict future road 
performance. Agrawal et al. (2022) invite highway 
experts to plan the adoption of DTs to detect pavement 
defects, predict future defects, and make maintenance 
work orders.  
From the above review, it can be summarized that 
although there are some implementations of DT in the 
road maintenance phase, the application scenarios and 
benefits of DTs have not been systematically explored 
using surveys of realistic problems encountered by the 
highway industry. Furthermore, the existing studies 
primarily focus on DT generation and DT-enabled data 
analytics, whereas few research has investigated the 
requirements and challenges for DT implementations 
considered by the industry practitioners. Understanding 
the specific use of road DTs and value points could help 
the highway industry develop DTs as a new IM approach 
to solve the existing issues. 

Research methodology and questionnaire 
design  
Figure 1 shows an overview of the research design. This 
study first interviewed 20 highway experts from UK 
National Highways. The objective is to understand 
existing maintenance processes and the problems that 
underpin them. The Information Delivery Manual (IDM) 
(29481-1, 2010) approach is employed to represent 
different levels of maintenance processes along with the 
related actors, phases, activities, and data exchange items. 
Having documented all relevant existing maintenance 
processes, the authors analyse the IDM documents to 
identify any inefficiencies in these processes. Based on 
the findings, together with the interview conversations 

and literature review, a questionnaire is designed, 
covering the following aspects: (a) participant role and 
experience; (b) barriers in current practices; (c) current 
use of DT; (d) perceived opportunities of DT; (e) 
challenges of DT implementation. Most questions are 
multiple-option questions, where the options come from 
the authors’ findings (e.g., identified inefficiencies) or 
proposals (e.g., proposed DT applications). The 
questionnaire also allows participants to input their 
comments for most questions, in case the predefined 
options are not within their considerations. The 
questionnaire form can be accessed through the link: 
https://forms.gle/Nj7g7BT9D3VHo3x4A .     
Finally, we disseminated the questionnaire survey 
through various channels, such as email invitations, 
LinkedIn, and Weibo. To allow relevant people to 
complete this questionnaire, we included prompts in the 
invitation that state “the target population is individuals 
who work in the highway industry, especially in the 
following areas: (a) road survey and inspection; (b) road 
maintenance; (c) information system/database operation; 
(d) strategy making and research innovation; (e) asset
management; and (f) safety management”.

Survey results and discussion 
Overview 
The survey data collection period covers approximately 
40 days, from October to November in 2023. The number 
of email invitations is over 500. As a result, 183 valid 
responses have been obtained as valid samples for data 
analysis. This sample size enables a 95% confidence level 
with an 8% margin of error for the survey results, as 
calculated using Slovin’s formula (Tejada and Punzalan, 
2012). Given the exploratory nature of this study and the 
limited pool of respondents, these parameters can be 
deemed appropriate. 
Table 1 shows the demographics of all respondents. 
Maintenance managers and engineers (27.9%), road 
inspectors (20.8), and technology developers (19.1%) 
occupy the largest proportions, probably because this 
topic gains interest from these groups. It is worth noting 
that some respondents selected multiple roles in this 
survey.   

Figure 1. Overview of the research design. 
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Table 1: Demographics of the 183 respondents. 

Roles Proportion 

Road surveyor 14.2% 

Road inspector 20.8% 

Maintenance manager and engineer 27.9% 

Scheme maker 10.4% 

Asset manager 14.2% 

Technology developer 19.1% 

Network-level strategy maker 11.5% 

In terms of participants’ experience in the industry, 34.4% 
of participants have 5-10 years of working experience. 
People who have worked for over 10 years account for 
32.8%. In comparison, practitioners who have started 
their careers (0-2 years) and have 2-5 years’ experience 
make up 9% and 24%, respectively.  

Main barriers in current practice 
Figure 1 presents the responses from the participants 
regarding question 3, which is about selecting the main 
barriers faced by their organization in highway 
maintenance. It shows that “hard to derive optimal 
maintenance decisions under budget constraints” is the 
most selected choice (55.2%), which implies that the main 
limitation for the highway industry is still budget 
constraints. In this situation, practitioners must carefully 
evaluate the impacts of different decisions and prioritize 
the importance of different tasks, which is difficult to 
achieve due to several reasons. First, as the ranked second 
(50.8%) choice points out, much of the asset information 
stored in the existing maintenance management systems 
(MMS) and asset management systems (AMS) is 
inaccurate, incomplete, and unreliable, especially for old 
and underground assets (e.g., electricity). Second, it is still 
difficult to obtain comprehensive road condition data, 

which is also acknowledged as the third barrier. If 
maintenance planners do not know what happens on the 
entire road network, it is difficult to make informed 
decisions. Furthermore, 46.4% of participants agree that 
there is a lack of precise evaluation of the costs, benefits, 
and risks of alternative strategies. This is because most 
existing decision-support tools can only optimize short-
term plans with controllable factors rather than 
forecasting long-term, multi-year network evolution with 
uncertainties incorporated.  
Some respondents also identified specific problems they 
faced. For example, two answers illustrate that there is a 
lack of “consistent operational approach” and 
“maintenance strategy based on needs”. These problems 
relate to other written answers that demonstrate a lack of 
knowledge of how asset handover works and the 
complexity of the data specifications of the current asset 
systems. The barriers occur because an increasing number 
of highway authorities are adopting asset information 
models (AIM) for managing highway assets, but 
maintenance people do not know how to use these asset 
data in their professional work. For example, the National 
Highways publishes an Asset Data Management Manual 
(ADMM) (National Highways, 2023) as their data 
handover specifications for all road construction projects, 
but they currently use another system with disparate data 
schemas to schedule routine maintenance.  
Apart from the asset data usage problem, other written 
answers mention some challenges in lack of skilled 
workforce, lack of trust in analytical processes, 
communication with stakeholders, inefficient contract 
preparation, and difficulty obtaining road data without 
traffic disruption.  

Current use of relevant technologies 
In this survey, we also investigate the IM approaches and 
technologies adopted by highway organizations in the 
current practice. In the questionnaire, we first clarify what 
a DT is in the highway maintenance context: “a digital 
replica of the physical highway system, encompassing 
road infrastructure assets, traffic elements, 
environmental factors, and more.” Afterward, the fourth 
question first surveys the participants' familiarity with the 
DT concept. As a result, 63.9% of participants responded 

Figure 1. Responses to Question 3: "What are the main challenges and barriers faced by your 
organization in highway maintenance operations?" 
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“somewhat familiar,” and 22.4% of participants chose 
“very familiar”. In contrast, only 13.7% of participants 
acknowledge that they are not familiar with DTs at all.  
The fifth question sought to clarify what technological 
approaches are currently used by participants’ 
organizations. As shown in Figure 2, GIS is the most used 
technology for highway maintenance, which is intuitive 
because nearly all highway assets should be 
georeferenced in large road networks. Moreover, it was 
found that BIM approach is increasingly used in the road 
engineering domain (54.1% of participants). How to best 
use the road BIM files from the design and construction 
phases in the maintenance phase requires further studies. 
One potential solution is to make BIM models 
exchangeable with twin-based systems to realise their 
maximum value. In addition to the predefined options, 
participants also mention drone-based real-time data 
collection techniques and material deterioration models.  
The sixth question aims to explore the contexts and 
projects in which highway organizations adopt DT 
technology and how it is used. From the answers obtained, 
it was found that most applications of DTs are 3D 
visualization to assist maintenance planners in making 
decisions. However, there are some noteworthy other 
applications, as listed in Table 2. 

Table 2: Selected answers for Question 6: “briefly describe the 
context or project where digital twins were/are utilized.” 

Current use of DT in organizations 

1. Behavior/deterioration modeling of road assets.

2. Combining survey and as-built data for digital
design.

3. Decision-support tools to predict maintenance
needs.

4. Analysis of budget, safety, environment, flood risk, 
driver behavior, and fleet composition.

5. Comprehensive data storage with road asset
definition, road construction, and condition data.

6. Measurement of complex road segments.

7. Real-time weather detection of the highway
environment and refined weather forecast.

8. Emergency response and traffic jam management.
9. Supporting the development of autonomous

vehicles.
10. Education and training.

As can be seen from the above table, some highway 
organizations have started to leverage the rich data in 
digital twins for behaviour prediction, road renovation, 
maintenance need estimation, and multi-factor analysis 
for maintenance planning. Moreover, it is worth noting 
that the integration of road DTs and connected 
autonomous vehicles (CAV) has the potential to create 
huge benefits for both the highway industry and the 
automotive industry: on one hand, the road DT can 
provide high-fidelity data about road conditions, 
providing better navigation to CAVs to avoid dangerous 
road defects (e.g., potholes). On the other hand, the rich 
data collected from CAVs driving on the network, such as 
images and sensing data (e.g., temperature, roughness), 
can be used to update the road DT in real time, which 
could overcome the critical problems regarding the DT 
data collection for the huge road network.       

Potential use cases of road DT 
This section of the questionnaire aims to understand how 
highway industry practitioners perceive the opportunities 
for DTs in highway maintenance. Specifically, we try to 
identify (a) important phases for applying DT; (b) 
important features that a road DT must have to take effect; 
(c) valuable applications of road DTs; (d) potential use
cases; and (e) main benefits of road DTs.
Based on our interview, the process of highway 
maintenance can be generally divided into five stages:  
● Scheme making and prioritization: experienced

engineers receive annual network-level survey data and 
make maintenance schemes for a specific road section.
All schemes must be prioritized based on severity
levels.

● Road assessment: road inspectors physically arrive at
road sites to inspect road defects. Various techniques
can be used to investigate the deterioration of
pavements, such as coring, deflectograph, and ground
penetration radar (GPR).

● Maintenance planning: based on the results of
inspections, maintenance planners make treatment
plans with consideration of budgets, costs, labour, and
risk level.

● Maintenance execution: based on the maintenance
plans, contractors of highway authorities conduct road
repair and rehabilitation using both humans and
machines.

● Quality assurance and control: the process of quality
inspection to ensure that the maintenance work reaches
the required standard.

Table 3 presents the results of Question 7, showing that
the stage of Scheme making and prioritization is the

Figure 2. Responses to Question 5: "Does your organization 
currently use digital technologies or solutions for highway 
maintenance? " 
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most commonly agreed phase in which a road DT can 
take effect. This might be because the DT can be used 
to check road conditions in 3D views and simulate the 
effects of different strategies. In addition, Maintenance 
planning is also a popular response (74.3%). By 
contrast, fewer participants recognize that a DT can be 
useful in the phases of Maintenance execution and 
Quality assurance and control, suggesting that the DT 
alone may not be useful in fieldwork that involves 
mainly manual work. Finally, some participants also 
wrote answers, such as operational planning and 
control, long-term investment optimization, and 
maintaining inventory data for soft estate assets. One 
answer demonstrates that the DT can enable new 
intelligence-led proactive maintenance that could totally 
change the existing processes.  

Table 3: Responses to Question 7: “In which phases of 
highway maintenance do you see that digital twins can take 

effect?” 

Phase Count Proportion 

Scheme making 
and prioritization 

148 80.9% 

Road assessment 122 66.7% 

Maintenance 
planning 

136 74.3% 

Maintenance 
execution 

108 59% 

Quality assurance 
and control 

99 54.1% 

None of above 2 1% 

Question 8 was designed to investigate what features of 
road DTs are perceived as important for industry 
practitioners in highway maintenance. From the literature 
review, we summarize several key features of DTs: data 
transparency, data security, autonomous decision-
making, prediction, simulation, data diagnostics, 
visualization, and data storage and integration. In the 
domain-specific context, we provide explanations for the 
following features in the questionnaire:  
● Data diagnostics: identify the anomalies, risks, and

their causes in the condition data.
● Simulation: simulate the operations of alternative

strategies and assess their effects.
● Prediction: predict future states of roads, such as

deterioration and structural failure.
● Autonomous decision-making: generate suggestions to

decision-makers based on performance indicators.
Figure 3 presents the results for Question 8. As can be 
seen, prediction and simulation are two of the most 
important functional features that a road DT is expected 
to have. In comparison, fewer participants selected the 
feature of autonomous decision-making (54.6%). This 
implies that industry practitioners tend to make decisions 
on their own based on the intermediate results from DT-

enabled simulation and prediction, rather than leaving 
them entirely with DTs. Furthermore, Figure 3 shows that 
the features of data transparency and data security are the 
least chosen (32.8% and 30.1%), suggesting that industry 
practitioners care more about the practical functions that 
a DT could bring about. In contrast, system architects and 
DT developers might consider these two features to be 
crucial.  

The subsequent question is about the application of road 
DTs. Based on the review and interview, the authors list 
several applications for road DTs, and the participants are 
asked to make selections of applications that they think 
are valuable. The result of Question 9 is presented in 
Figure 3. The most chosen DT application (73.2%) is 
Predicting the deterioration and structure failures of road 
assets based on historical and dynamic road data. In 
essence, deterioration prediction is a longstanding 
research problem in the field of highway maintenance. 
The role of DTs in this task is to be the data holder of 
historical and real-time road condition data, road 
construction data (e.g., material), traffic data, and climate 
data. The prediction of deterioration and failure depends 
on analytical models that process these DT data and 
predict the future states of pavements and other assets.  
The second-ranked application is Helping routine 
maintenance planners make better maintenance 
strategies, considering multiple factors. From our 
interview, routine maintenance and reaction is one of the 
crucial processes to ensure the operation of the UK 
highway infrastructure, in which road inspectors drive on 
the entire network every week to visually check abnormal 
conditions. Maintenance planners have trouble making 
the best decisions in prioritizing the repair of the damaged 
assets and sending work orders that can minimize costs 
and risks. Therefore, a DT can be used to help 
maintenance planners make sound strategies in 
consideration of multiple factors. For instance, a DT may 
provide cost information for an asset or estimate the risks 
of the observed defects in association with the traffic 
environment. The third-ranked application is Generating 
optimal plans for road investigation and repair within a 

Figure 3. Responses to Question 8: "What features of a 
digital twin system do you perceive are important in 
highway maintenance?" 
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scheme-level maintenance project. The UK highway 
authorities use scheme-level road investigation and 
maintenance as a key strategy to systematically repair, 
rehabilitate, or reconstruct road sections. Within a 
maintenance scheme, scheme makers gather different 
kinds of survey data and then use their knowledge and 
experience to determine the treatment strategies. A road 
DT could aid in the creation of optimized treatment plans 
with less bias due to human experiences. 
Question 10 is an open question that asks participants to 
describe at least two use cases of DTs that are valuable for 
highway maintenance. A total of 125 written responses 
were obtained. While some answers overlap with the 
applications listed in Question 9, many responses provide 
valuable insights from the viewpoints of highway experts. 
Table 4 presents 10 selected answers.  

Table 4: Selected answers for Question 10: “Please describe 
the potential use cases of digital twins in highway maintenance 

that you believe hold significant promise.” 

Potential use cases of DT for highway maintenance 

1. Supporting risk-based proactive maintenance and
automated, human-free road inspection.

2. Live highway monitoring (traffic and pavement structure 
conditions) to generate instructions for emergency repair
and prioritization of repair.

3. Improve predictability of maintenance need, simplicity of 
maintaining, and up-to-date asset record (location,
condition and interventions delivered)

4. Provide data for autonomous cars/machines for snow-
plowing the road; provide data for autonomous
marking/paining on the road.

5. Data from inspections and maintenance activities is
visualized and pinned to the asset to show it "service"
history current condition and is then used to predict future 
maintenance interventions.

6. Understanding 3rd party productivity risks to site works
e.g., PROW (Public Right of Way) or ecology;
understanding 3rd party safety risks including where to
park, traffic levels, works access.

7. Providing detailed incident tracking to understand real-
world risks on the network and comparing with asset
condition; CAV routing for maintenance and wear.

8. Highlight underground drainage defects.
9. Understanding interaction between different asset classes

to help aid intelligence-led predictive modelling for best

asset interventions taking account of whole life asset 
management. 

10. Prescribing future designs and built outcomes that impact 
maintenance.

By analysing the collected responses, some use cases of 
road DTs can be realized in the short term, while others 
can only be achieved in a long-term period (over 10 
years). For the former, the feasible use cases include 
integration of highway asset information with a single 
source of truth, visualization of inspection and 
maintenance activities, and decision-making for 
maintenance interventions. For the latter, predicting 
future states of roads and proactive maintenance may 
require the collection of road condition data and 
maintenance records over many years to develop usable 
deterioration models and approaches for risk-based 
predictive maintenance.       
The last question (Question 11) in this section allows 
participants to select the potential benefits of DTs in 
highway maintenance. The results are presented in Figure 
5. Better asset lifecycle management, cost savings,
enhanced operational efficiency, and improved decision-
making are recognized as the main benefits that digital
twins can bring to the field of highway maintenance. It
suggests that a road digital twin should incorporate asset
management principles to facilitate better operational and
maintenance planning. Hence, a DT not only serves as a
data hub to store and integrate road data but also provides
processes and workflows for lifecycle management, from
data collection and data updating to the usage of asset
data.

Perceived challenges of DT implementation 
In the previous section of the questionnaire, the potential 
use cases and benefits of road DT are studied. However, 
it is also important to be aware of the challenges of 
adopting DT approach for highway organizations to better 
understand which use cases can be implemented in the 
short term and which use cases require long-term 
investment and development, thus deriving a reasonable 
technical roadmap for DT standardization, development, 
and promotion. Therefore, the last section of the 
questionnaire investigates the difficulties perceived by 

Figure 4. Responses for the Question 9: "Which of the below digital twin-based applications do you perceive are 
important and valuable in highway maintenance?" 
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industry practitioners when it comes to implementing DTs 
for their organizations.  
As presented in Figure 6, the responses for Question 12 
show that the top 3 challenges of DT implementation are 
(a) skills and training gaps (61.2% selected); (b) lack of
data integration (55.7% selected); and (c) lack of
standardization (51.9% selected). It suggests that training
and education for highway practitioners to use new DT
technologies and systems will be a significant issue
because they become accustomed to the existing tools
(e.g., GIS). Hence, the design of user-friendly human-DT
interfaces is important to reduce the negative impacts of
training costs and user reluctance towards new
technologies.

The challenge of data integration stems from several 
aspects. First, the connection of the new DT system with 
the existing systems and databases used by highway 
organizations is difficult, requiring a heavy workload of 
manual alignment between different data schemas. 
Second, when the road DT has new data requirements 
about road construction and condition, it is challenging to 
update the old asset data according to the new 
requirements, which would induce much missing or 
mismatched information. Third, designing a data schema 
for road DT that has sufficient interoperability and 
scalability is itself an intricate task. This also relates to the 

3rd-ranked challenge: lack of standardization. A well-
defined data standard is crucial for DT instance creation 
and information exchange between different DTs. 
Apart from the options shown in Figure 6, some 
respondents also input other problems for implementing 
DTs in the highway industry, as shown in Table 5.   

Table 5: Selected written answers about the challenges of DT 
implementation. 

Other challenges of road DT implementation 

1. Lack of political understanding of the urgency.
2. Silo mentality: different sectors or organizations

involved in highway maintenance operate independently
and without much coordination or information sharing.

3. Technical integration of emerging technologies.
4. Leadership challenge.
5. The cost of maintaining DTs may exceed the values

they create.
6. Lack of trust in the analytical processes

7. The DT data obtained from existing databases may have
poor levels of accuracy.

8. Procurement of the DT systems and meshing with the
existing maintenance systems.

From the above table, policy support, coordination 
between organizations, and cost estimation for 
maintaining DTs are also issues for implementing DTs in 
the highway industry. 

Conclusions 
Maintaining highway assets at the required service level 
is critical to ensuring the efficiency and safety of road 
networks. The digital twin (DT) concept has the potential 
to be applied in highway maintenance and improves 
existing processes based on dynamically updating digital 
road models. This paper presented a questionnaire survey 
for highway industry practitioners to identify the main 
barriers in current practice and potential use cases of DTs 
in this field. The questionnaire was designed based on 
previous interviews with highway experts in the UK 
industry, and it was then disseminated globally, with 183 
responses obtained from professionals across different 
roles in the highway industry.  
The findings reveal a consensus on the main inefficiencies 
in highway maintenance: the complexity of making 
optimal maintenance decisions under constraints, the poor 
quality of asset inventory information, and the difficulty 
of acquiring comprehensive road condition data. The 
survey also indicates that the DT can be potentially used 
for deterioration prediction, maintenance planning, and 
scheme development, taking advantage of its well-
structured, dynamically updated road asset information in 
cyberspace.  
This study contributes to the knowledge of how industry 
practitioners perceive the prospects and challenges of 
road DT in highway maintenance, which provides 

Figure 5. Responses for the Question 11: "Please select the 
potential benefits you expect digital twins to bring to highway 
maintenance." 

Figure 6. Responses to Question 12: "Please select the primary 
challenges or barriers you foresee in implementing digital 
twins for highway maintenance." 
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valuable insights for the design and implementation of 
road DTs. The results of this survey can be effectively 
used by academia and industry to develop a purpose-
driven approach for applying DTs in the highway 
maintenance field, where the most valuable use cases with 
fewer technical and managerial challenges could be 
implemented first and DTs can be progressively improved 
to realise more application values. In future work, the 
survey data will be further analysed based on the roles and 
experiences of participants.  
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Abstract 

To meet the European energy-saving and decarbonisation 
goals, the delivery of renovation projects must be 
accelerated. Automated processes and software tools are 
crucial to facilitate and optimise the project execution and 
onsite monitoring by providing early warnings and 
notifications to the project team. Digital twins are one of 
the most promising approaches as they provide real-time 
data and use simulation to inform and speed up decision-
making processes. This paper presents the design, 
development, and deployment of a Renovation Digital 
Twin (RDT) that enables monitoring of the retrofitting 
progress and the provision of feedback to the project 
stakeholders. The RDT aims at addressing a set of seven 
design requirements including compliance with the 
General Data Protection Regulation (GDPR) while 
sensing building data. The RDT integrates 13 Key 
Performance Indicators (KPIs) allocated to five 
application domains: quality, cost, scheduling, safety, and 
environment. 

Introduction 

To achieve the energy-saving and decarbonisation goals 
of the European Union, the delivery of renovation projects 
must be accelerated. The adoption of digital twining 
technologies in construction and renovation project is one 
of the most promising approaches. Digital twins (DTs) 
refer to the creation of exact digital replicas or virtual 
representation of an object or system that spans its 
lifecycle. Each replica possesses the properties and/or 
behaviours of a system in the physical world. These 
digital replicas are updated from real-time data, and use 
simulation to optimise decision-making processes 
(Tuhaise et al., 2023).  

DTs offer several advantages in the construction industry. 
They enable improved resource management by 
optimising energy usage, reducing the carbon footprint of 
buildings, and providing real-time access to as-built 
models, thus fostering harmonisation between current 
progress and future deliverables. Moreover, DTs enhance 
collaboration by enabling all stakeholders to access a 
shared digital representation of a project, improving 
communication and collaboration between engineers, 
architects, contractors, and other team members. 
Furthermore, they help minimise waste, reduce 
construction costs, and identify and mitigate potential 
safety hazards on construction sites, ultimately improving 

the efficiency, quality, and safety of construction projects 
while reducing costs (Tao et al., 2018). Hence, in 
construction industry, DTs can be leveraged to reduce 
costs, accelerate delivery, enhance the safety, and provide 
efficient monitoring of projects throughout their lifecycle 
(Saback de Freitas Bello et al., 2023). 

Monitoring activities is a critical task in construction 
project management. DTs can be utilized to monitor 
onsite construction activities to offer real-time insights 
and predictive capabilities. By integrating various data 
sources such as 3D models, IoT (Internet of Things) 
sensor data, and building information, DTs enable the 
continuous monitoring of construction processes, 
allowing for the early detection of potential issues and the 
optimization of resource utilization. This proactive 
approach enhances safety, risk management, and 
contributes to improved efficiency and quality of 
construction project (Greif et al., 2020). As a result, the 
adoption of DTs for onsite monitoring has a great 
potential to be a valuable tool for construction project 
management and execution.  

Decarbonization and energy-saving are global and urgent 
goals of the construction industry. Onsite monitoring of 
renovation activities is crucial to approach these goals as 
it supports accelerated project delivery. Although DTs is 
a promising technology in approaching these goals, only 
a few research has been conducted so far, to effectively 
demonstrate the design, development, and usage of such 
technologies. The situation is more challenging in 
building retrofit where existing tools are usually lacking 
or adapted from new build construction tools. Hence, this 
paper aims to present the design, development, and 
deployment of a Renovation Digital Twin (RDT) that 
enables monitoring of the retrofitting progress and the 
provision of feedback to the project stakeholders.  

The remainder of the paper is structured as follows. 
Section 2 summarises research works and gaps related to 
the topic being addressed by the research. Section 3 
presents the research methodology implemented to 
achieve the research objectives, and introduces the 
solution proposed which includes the digital twin 
developed for renovation projects monitoring, integrating 
a set of KPIs identified with the help of the RINNO 
project’s industrial partners. Conclusions, limitations and 
future works are finally outlined in Section 4. 

821



Previous Works 

The concept of DTs in the context of building renovation 
and onsite retrofitting works has garnered increasing 
attention within the architecture, engineering, 
construction, and operations (AECO) industry. Pan, et al. 
(Pan et al., 2023) discuss the emerging and anticipated 
benefits of DTs in the building deep renovation life cycle, 
emphasizing their potential to reshape the process of 
assets’ construction and maintenance through decision 
encoding. The authors highlight that while the 
applications of DTs are still at an early stage, they hold 
promise for various stakeholders involved in AECO, 
provided that their full potential is effectively exploited 
(Pan et al., 2023). 

In a similar vein, a systematic review by Opoku et al. 
(Opoku et al., 2021) delves into the status, evolution, and 
key applications of digital twins in the construction 
industry. The review provides insights into six areas of 
application in the lifecycle phases of a construction 
project, shedding light on the diverse contexts in which 
DTs can be leveraged within the construction domain. 
These application areas include building information 
modelling, structural system integrity, facilities 
management, monitoring, logistics processes, and energy 
simulation (Opoku et al., 2021). Similarly, Tuhaise et al. 
(Tuhaise et al., 2023) identified key technologies, 
research gaps, and future research directions, focusing on 
technologies in data transmission, interoperability, data 
integration, data processing, and visualization. From a 
different perspective, Ammar et al. (Ammar et al., 2022) 
conducted a study that explored the applications and 
challenges in construction through interviews. Their 
analysis identified 40 applications and uncovered 34 
implementation challenges. The study also presents a case 
study that exemplifies the practical implementation of 

DTs in a construction setting, underscoring the potential 
for different information pipelines from the site to 
decision-making processes (Ammar et al., 2022). 

Research Gaps and Contribution 

Managing a renovation project presents several 
challenges for project stakeholders and policymakers, 
such as disruption to, and by occupants, which usually 
lead to more time and cost overruns, more health and 
safety hazards, and worse quality performance when 
compared to new-built construction projects (Doukari, 
Wakefield, et al., 2024). The literature review conducted 
collectively underscores the transformative potential of 
DTs in synchronising and enhancing the performance of 
construction activities and ensuring better control of the 
cost, time, safety, and quality of construction projects. 
Despite that, the use of DTs in building renovation and 
onsite retrofitting works was noticed to be limited in this 
literature body, and no comprehensive framework has 
been yet proposed. Hence, implementing this technology 
in building renovation should offer valuable insights into 
their evolving role and improve the efficiency of 
monitoring onsite retrofitting activities. 

The contribution of this paper is twofold: (i) present a 
novel RDT solution (i.e., product system) that enables 
monitoring of the retrofitting progress and the provision 
of feedback to the project stakeholders; and (ii) provide 
detailed descriptions of the Research and Development 
(R&D) methodology implemented (i.e., organizational 
system) which includes the design, development, and 
deployment processes as well as the technological 
ecosystem required for the software product development. 

Renovation Digital Twin – RDT 

The RDT platform is developed to enable monitoring of 
the retrofitting progress and the provision of feedback to 

Table 1: Renovation Project KPIs 
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the project stakeholders. Its main role is to: (i) gather 
onsite information about weekly project safety, quality, 
cost, completion of tasks and delays, and information 
related to waste management; and (ii) provide the project 
stakeholders with timely insights to take appropriate 
actions if needed.  

Methodology 

The research and development methodology implemented 
to achieve the research objectives is based on a 5-step 
process (Figure 1):  

• First, workshops with onsite construction workers,
project and site managers and engineers are organised
in order to identify the most relevant information they
need to be regularly reported during the retrofitting
phase of a renovation project. For two days, fourteen
participants from the RINNO project’s industrial
partners contributed to the identification of
renovation project stakeholders’ needs and system
requirements in terms of onsite information and
progress notification;

• Second, this input was categorised into different
application domains, including quality, cost,
scheduling, safety, and environment to facilitate KPIs
identification;

• Third, for each application domain, a list of KPIs for
retrofitting works monitoring is defined, and their
sources of data, calculation formulas, representation
formats, and frequency of measurement are detailed
(Table 1);

• Fourth, a system prototype, including main
functionalities and user interfaces, is developed so as
to enable both testing and validation with site
managers and workers. This first version is deployed
on a local machine, and remote access for testing
purposes, is enabled using NGROK (NGROK,
2024);

• Fifth, a final version of the RDT platform is
developed enabling the integration of the BIM model
of the building being renovated along with a set of
friendly graphical user interfaces (GUIs) for project
KPIs visualisation and user notifications. This final
version is deployed on HEROKU (HEROKU, 2024).

Design Requirements 

The starting point of the RDT platform development is the 
set of design requirements (DR), including components 
and high-level functionalities, that have been identified 
with the RINNO project’s industrial partners (Point 1, 
Figure 1). As presented in Table 2, seven requirements 
must be met to develop a suitable digital twin platform for 
renovation projects. 

Table 2: Design requirements of the RDT platform. 

DR1: Regularly provide relevant project KPIs 
regarding quality, cost, scheduling, safety, and 
environment (Table 1). 

DR2: Store historical project KPIs during the 
retrofitting phase. 

DR3: Simulate project KPIs and their progress 
overtime. 

DR4: Provide a user-friendly interface through 
integrating BIM and relevant charts and/or graphs. 

DR5: Enable stakeholders’ notification when project 
KPIs exceed specific thresholds. 

DR6: The RDT platform should be accessible 
anywhere and at any time for all project stakeholders 
through internet. 

DR7: Comply with regulations, such as General Data 
Protection Regulation (GDPR), while sensing building 
data. 

System Architecture 

The RDT platform architecture presented in Figure 2 
shows seven main components that help meet and 
implement the seven design requirements identified in 
Table 2. The RDT components and their relationships to 
the design requirements can be summarised as follows: 

Figure 1: Research and development methods. 
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Figure 3: Renovation Digital Twin – RDT main UI. 

Figure 2: Renovation Digital Twin – RDT System Architecture. 
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- Acquisition service: enables collecting raw data (ex.
quality incidents, complaints, safety issues, etc.) from the
onsite execution of the renovation project, and sending
them back to be stored into the Data storage server. To
comply with the GDPR regulation as stipulated by DR7,
the Acquisition service is implemented as a mobile
application instead of installing smart sensing devices
such as sensors, which may need occupants and operators
consent to data access (Doukari, Seck, Greenwood, et al.,
2022). The mobile application is used by the project
manager to collect daily data related to the project
progress and execution.

- Data storage: consists of a Structured Query Language
(SQL) Server that stores daily project data collected
through the Acquisition service. It also provides raw data
for the ‘Processing service’ so that project KPIs can be
calculated and stored as required by DR1.

- Processing service: enables calculating project KPIs
using project’s raw data stored into the Data storage
component. It uses simple SQL queries to fetch data from
Server 1, calculates the project KPIs, and then stores them
into the KPI storage component (Server 2). As such, the
Processing service helps meet requirement DR1.

- Notification service: consists of a ‘background process’
that runs continuously as a ‘KPI Watcher’ and triggers
notifications when KPI threshold values are reached or
exceeded. For each KPI in Table 1, min and max values
are defined. While the min values are set to check data
quality and consistency, the max values help trigger
notifications via color-coded information displayed
through the Visualisation service. The Notification
service addresses requirement DR5.

- Simulation service: consists of simulating historical
KPI values which are stored in Server 2 and their progress
overtime. The result is visualised through a ‘Timeliner’

Figure 4: The RDT platform KPIs’ dashboard for (A) Quality (B) Cost (C) Scheduling (D) Safety (E) Environment. 

(A) 

(B) 

(C) 

(D) 

(E) 
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implemented and integrated into the Visualisation service. 
The KPI values are also simulated as shading and color-
coded data into the BIM model elements using Forge 
APIs (Application Programming Interfaces). As such, the 
Simulation component enables ‘4D BIM simulation’ 
(Doukari, Seck and Greenwood, 2022) aiming to meet 
requirement DR3. 

- KPI storage: consists of a second SQL Server that stores
project KPIs calculated by the Processing service. It feeds
all RDT services (i.e., Simulation, Notification, and
Visualisation) with KPI values through responding to
SQL queries. This component implements DR2.

- Visualisation service: implements the main component
where all visualisation, simulation and notification are
displayed. The service integrates the BIM model of the
building being renovated through Forge APIs, so as to
allow end-users to access and easily visualise data related
to current and/or historical project KPIs regarding quality,
cost, scheduling, safety and some environmental aspects
such as waste. This includes visualisations as shading
created on top of the BIM model, 4D BIM simulations
using the Timeliner, and through charts and graphics as
illustrated in Figures 3 and 4. The Visualisation service
answers requirement DR4.

Finally, to comply with requirement DR6 and enable 
project stakeholders to access data anywhere and at any 
time, the RDT platform’s architecture is designed and 
developed as a web-based application.  

Development & Deployment 

The RDT is developed using JavaScript for the backend, 
and React library (React, 2022), CSS and HTML 
technologies for the frontend (Figures 3 and 4). 
Particularly, MUI library (MUI, 2022) is used in order to 
ensure simplicity, clarity and responsiveness of the user 
interface (UI) components implemented, and so enable 
visualisation in different contexts (onsite and offsite) and 
on several device types with different hardware and 
software specifications, including smartphones, tablets 
and laptops. The RDT integrates Forge APIs and its main 

UI was inspired by a previous prototype version 
developed and shared by Autodesk (Sample Application, 
2023). 

As for the RDT deployment, it is processed following a 2-
step process. First, for testing purposes, the platform is 
deployed on a local machine through NGROK (NGROK, 
2024) and made accessible to the RINNO project’s 
industrial partners so as to demonstrate its design and 
validate its functionalities. Second, the RDT is finally 
deployed on a permanent basis through HEROKU which 
is a cloud-based platform providing publication services 
for third-party web-based applications (HEROKU, 2024). 
A short demonstration video of the RDT platform in 
action can be visualised at (Doukari, 2024). The 
developed platform integrating the BIM model of the 
French demonstration site, which is one of the RINNO 
project’s case studies (Doukari et al., 2021), can be 
accessible online at (Doukari, 2023). 

Conclusion, Limitations, and Perspectives 

Despite the clear and obvious added values that DTs can 
provide to the construction industry, only little research 
have been conducted to showcase practical development 
and use of such technologies. The situation is more 
complex in renovation projects because of the dearth of 
digital tools and automated processes which are often 
adapted from new build construction tools, while such 
technologies are much more needed in building retrofit in 
order to expedite the delivery of renovation projects and 
meet the European energy-saving and decarbonisation 
goals by 2050 as per the EU commitment. In addition, 
specific requirements, such as complying with the GDPR 
regulation, may need to be addressed while conducting 
retrofitting works. To overcome these challenges, this 
paper introduced a Renovation Digital Twin (RDT) 
platform to enable monitoring of the retrofitting works 
and so accelerate the rate and amount of renovation 
projects in Europe. The adopted approach included the 
design, development and deployment of the RDT so as to 
document the process implemented and so enable 
reproducibility of the results. However, the research 
presents some limitations which can be summarised as 
follows: (i) the BIM model integration through the 
'Visualisation service' is based on a semi-automatic 
process where the digital mock-up of the building under 
renovation first needs to be created and uploaded in the 
cloud, and then related (hosting) data must be updated 
within the RDT. To enable an efficient lean-based 
renovation project management as described in (Doukari, 
Kassem, et al., 2024), a smooth and automatic BIM data 
preparation needs to be adopted; (ii) the 'Simulation 
service' enables 4D BIM simulation but only to visualise 
historical KPI values. There should certainly be much 
more benefits for the project participants if the simulation 
capabilities could be extended to predict future KPI trends 
using machine learning techniques (Rogage and Doukari, 
2024) and/or a scenario-driven approach (Doukari, 
Wakefield, et al., 2024); and finally (iii) future extensions 

Figure 5: UTAUT model adapted to test and evaluate the 

acceptance of the RDT platform. 
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of the research should investigate the acceptance and use 
of the RDT by end-users through its application and 
implementation within a real-world renovation project. 
An adapted version of the UTAUT model (Unified 
Theory of Acceptance and Use of Technology) (Dwivedi 
et al., 2019) will be used to evaluate the RDT's 
performance and overall suitability for the management 
and delivery acceleration of renovation projects (Figure 
5). 
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Abstract 

Approaching quality inspection plans in Swedish 
construction projects as mere checklists and minimizing 
the clients’ involvement, can reduce their value. We 
propose improving this process through a general cloud 
service concept for clients, designers, and contractors, 
utilizing generative pre-trained transformers (GPTs). 
Methodologically, we synthesize literature insights on 
GPT uses for construction, and empirical inquiries on 
developing a quality self-inspection service. We posit that 
through such a service, project knowledge, known quality 
defects and lessons-learned from previous cases can be 
better accessed and shared – potentially leading to time 
savings, suggesting best practices, and improving the 
collaboration among clients, designers, and contractors. 

Introduction and background 

In the Swedish construction sector, quality errors and 
defects have been annually costing ca. 100 billion SEK 
(ca. 8.8 billion €) (Boverket, 2018). According to Koch et 
al. (2020), quality problems derive from a broad set of 
causes, incl. design failures (e.g., detail mistakes, 
incomplete documents, and faulty technical aspects) 
execution errors on site, weather disturbances, and more. 
Koch and Jonsson (2015) showed that the presence of 
such quality defects forms a recurrent reality in Swedish 
construction sites. 
The existence and reproduction of quality defects must be 
understood in context. In Sweden, the responsibility of 
complying with the relevant regulatory framework is 
handed over to the contractors and designers through a 
series of self-inspections and reporting of inspection and 
testing, labelled as “self-control” (Tolstoy, 2012; Koch 
and Jonsson, 2015) – statutory in the Swedish Planning 
and Building Law (PBL 2010:900). Critically, the 
industry’s established practice in connection to quality 
self-inspections reflects “a sufficiently high quality” logic 
that has been reported to reduce the process into more of 
a “check listing” rather than an actual business strategy 
(Koch and Jonsson, 2015). In some cases, site managers 
and/or craftsmen take the implementation of quality self-
inspection upon themselves (Koch and Jonsson, 2015). 
This is a practice which, while potentially benefitting 
from professional experience (Koch and Jonsson, 2015), 
can indeed be adversely affected by complex and 
ingrained behaviors and a lack of communication and 
commitment between both the professionals enacting the 
self-inspections. The collaboration with the clients can 
also suffer (Engström and Stehn, 2016) – with the latter 

often experiencing a reduced understanding of and 
commitment in the process and its results. Underpinning 
this problem, Koch and Buser (2020) have also identified 
that the formal quality control system in Sweden (incl. 
self-inspections) is unable to bridge the gap of quality 
understanding between the project and company 
headquarter levels. 
Given the above, and as social practices in construction 
(incl. reactive and proactive problem solving) can 
exacerbate the reproduction of quality defects (Koch and 
Schultz, 2019), it can be derived that the way self-
inspections are understood, implemented, and shared by 
the relevant actors, is connected with the recurrence of 
quality defects in Swedish projects. 
Therefore, in this paper we address the research question 
of how we can improve quality self-inspection in Swedish 
construction, by proposing the concept of a general cloud 
quality self-inspection service for clients, designers, and 
contractors, based on generative pre-trained transformer 
(GPT) AI. The core proposition is that professionals 
performing quality controls can be provided with a much 
larger knowledge basis for planning and executing 
inspections through GPT systems. GPT systems, while 
popularized through ChatGPT, are little understood in the 
construction context, with only few studies mapping 
relevant opportunities and challenges (e.g., Ghimire et al. 
(2024)), sparse early stage attempts of leveraging such 
systems for construction applications (e.g., Zhen and 
Fischer, 2023), and virtually no efforts explicitly focused 
on construction quality. 
Following this Introduction, the paper’s research method 
is described. Then, a literature review on the limited GPT 
state-of-art for construction is conducted. Afterwards, our 
relevant empirical insights, as derived from four 
consecutive research projects (three concluded and one 
ongoing) on the development of a Swedish cloud-based 
service for quality self-inspection, are summarily offered. 
The insights from the literature review and our empirical 
studies are then synthesized into our proposed concept. 
Finally, we conclude with some discussion points, end 
remarks, and recommendations for future research. 

Research method 

This paper builds on the aforementioned background, a 
literature review, and empirical work, to develop a 
concept attempting to address the stated research 
question. 
The literature review of this study concerns a summary of 
standing quality-related considerations within the 
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Swedish construction sector and its self-inspection 
processes (forming the background for the introductory 
section), as well as the (very limited) state-of-art-research 
on using GPT-based tools for construction. It is based on 
a concept-centric literature review enhanced by units of 
analysis that was conducted in iterations (Webster and 
Watson, 2002). The main searched concepts were 
“construction quality in Sweden”, “quality inspection in 
Sweden”, and “application of GPT in construction”. The 
emerging units of analysis included, indicatively, “GPT 
use for construction quality”. Finally, exclusion and 
inclusion criteria (e.g., contextual relevance) were applied 
on the found sources (Dundar and Fleeman, 2017) for 
finally resulting in the ones featured in the current study. 
Our empirical material draws from three development 
projects in Sweden (concluded, respectively, in 2018, 
2019, and 2022), as well as an ongoing one (2023-2024), 
where we have been working on developing a digital tool 
as a cloud service (software-as-a-service) for quality 
assurance and self-inspection in construction. This cloud 
service is intended as a tool for clients, designers and 
contractors who actively want to work with quality 
assurance and self-inspection – as it has been shown that 
this active and systematic work is expected to contribute 
to better project quality and a reduction in errors and 
defects. Our empirical insights were obtained in those 
projects through various qualitative methods (Bell et al., 
2019), including, among others, expert interviews, focus 
group meetings, market observations, conceptualizations 
of recommender systems based on different (not GPT) 
algorithms, and an incorporation of methods of analyzing 
construction quality defects and their sources, like the 
“stumbling stone” analysis in Apelgren et al. (2005). 
Finally, we synthesize the research units of our literature 
and empirical results (Bell et al., 2019) into our proposed 
concept of a cloud quality self-inspection service for 
clients, designers, and contractors, based on GPT-
powered AI, and discuss its potential strengths and 
weaknesses, as well as opportunities and challenges in its 
implementation. 

Literature review 

In order to substantiate this paper’s background, 
accompany its empirical material, and inform the 
conceptual design of the cloud GPT-based platform, this 
literature review will go through the state-of-art uses of 
GPT within construction in general, and with regard to 
quality control in particular. 
In short, generative pre-trained transformers (GPT), as a 
framework of generative AI, are a type of large language 
model (LLM) – i.e. artificial neural networks used in 
natural language processing (NLP) tasks (Abdullah et al., 
2022). GPTs are based on the transformer architecture – 
namely, they are pre-trained on very large datasets of 
unlabeled text in order to generate human-like responses 
to queries (Abdullah et al., 2022). According to Saka et al. 
(2023), while in the 2020s other LLMs like BERT have 
been experimentally applied in construction for a few 

cases outside of quality management, GPT models are 
still relatively new in the field. This is indicated in the few 
retrieved relevant publications describing dedicated 
systems – with none of them explicitly addressing quality 
management and control (Abioye et al., 2021; Amer et al., 
2021; Prieto et al., 2023; Uddin et al., 2023; You et al., 
2023; Zheng and Fischer 2023; Saka et al., 2024). 
Moreover, the use of GPT in those studies also exhibits 
particular limitations per case. 
In particular, Amer et al. (2021) used the light version of 
GPT-2 to integrate master schedules with look-ahead 
plans, with the main limitation being the intense need for 
manual data pre-processing. Abioye et al. (2021) 
discussed how GPT models can assist the project team in 
performing impact analyses on how change orders can 
affect the project scope, and identified the appropriate 
representation of fragmented language as a major 
limitation. Prieto et al. (2023) used ChatGPT-3.5 for 
supporting the scheduling of construction tasks, while 
Uddin et al. (2023) implemented it to facilitate site hazard 
recognition and support construction safety education. 
However, none of the latter two studies featured a 
quantitative evaluation of their results, and the systems 
exhibited inadequacies with zero-shot learning (i.e., the 
ability of the learner to correctly predict the class of new 
observed samples, without the latter belonging to a class 
observed through training (Xian et al. (2020)). Zheng and 
Fischer (2023) introduced a prompt-based visual assistant 
integrating ChatGPT-3.5-turbo with BIM for better 
information retrieval, but the system was limited to 
single-turn conversations and no quantitative evaluation 
of the study’s results were offered. You et al. (2023) used 
ChatGPT-4 for automated construction task sequence 
planning in robot-based assembly, which was however 
limited to not being able to utilize visual information. 
Aladağ (2023) assessed the performance of ChatGPT in 
construction risk management as moderate, with it 
providing more accurate knowledge in risk response 
monitoring, and less so in risk identification and analysis. 
In a later study, Zhang et al. (2024) used ChatGPT-4 for 
automated data mining connected to building energy 
management, which showed the potential of the system in 
energy management, but also identified its limitation 
connected, mainly, to its demarcated domain knowledge 
and almost exclusive reliance on the users’ own skills to 
understand and evaluate its prompt results. Finally, Saka 
et al. (2024) developed a GPT-based material selection 
and optimization prototype that integrated BIM data 
through the OpenAI API, with the limitations of it 
requiring the identification of the specific component to 
provide accurate responses. 
Underpinning the potential exhibited in systems such as 
the above, Ghimire et al. (2024) identified relevant 
opportunities for using GPT in construction, as in, 
indicatively, document and data management, AI-
generated designs, task forecasting, project data synthesis, 
and material assessment. However, they also identified 
challenges connected to, among others, the GPT learners’ 
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limited domain knowledge, the over-reliance on the users’ 
analytical skills to interpret GPT-generated results with 
regard to their accuracy, generalizability, and 
interpretability, a high cost of integration, non-updated 
regulations on implementation, and potentially unethical 
data use (Ghimire et al. 2024). 
Notably, full publications on utilizing GPT systems for 
construction quality issues could not be found during this 
review, with only some initial ideas identified in pre-
prints like the one by Rane et al. (2023) – where the 
authors investigate GPT along with augmented reality 
(AR), virtual reality (VR), and BIM, for identifying 
defects and deviations from standards in quality control. 
Also, at this early-stage study, the aforementioned 
opportunities and challenges identified by Ghimire et al. 
(2024) are still apparent.  Nonetheless, leveraging GPT 
for issues identified explicitly within the context of 
quality self-inspection in Swedish construction projects 
(like the “check listing” and a reduction in the clients’ 
involvement in the process, as described in the 
Introduction), has not been investigated yet. In the latter 
case, it could be expected that, to an extent, similar 
opportunities, and challenges as the above should apply – 
but with a strong contextualization come much more 
specific considerations, which would require dedicated 
investigation. 

Empirical insights 

Corroborating the background studies presented earlier, a 
central challenge highlighted by our previous projects is 
that research-based knowledge of quality assurance and 
self-inspection is limited. Moreover, there are examples 
in practice where the relevant actors do not know what 
should be included in a self-inspection procedure, or what 
a verified self-inspection is. Developing relevant self-
inspection lists for specific projects can also be 
challenging; self-inspection that is not project-adapting 
can make the control procedure and experience feedback 
ineffective. 
Furthermore, client organizations that do not have tools, 
knowledge or a process for active quality control may 
need help addressing queries about construction 
technology, material selection, standards, and regulations, 
as well as getting proposals for solutions to technical 
challenges, analyzing commonly occurring errors and 
defects, and proposing effective (self-)control. 
Designers and contractors may face similar challenges 
with every new project, and doing this in a valuable way 
usually requires a review and analysis of previous 
experiences. Finally, a proposal for self-inspection must 
be specifically adapted for the project at hand at least up 
to a requisite point. It has been observed that, normally, 
clients approve of time allocated for self-inspections, but 
this time often ends up being utilized in other activities 
due to the lack of planning skills. This may even mean 
that quality self-inspections are maybe considered as 
“non-value-adding” activities by some actors and are thus 
not prioritized. 

Therefore, developing and implementing a solution to the 
challenges above can accelerate both the interest and 
understanding of self-inspection as an aid in value 
creation within the Swedish context. This could result in 
a construction sector where the customer receives the 
product they ordered, and the designers and contractors 
feel professional pride and commitment when delivering 
projects of high quality. 
This ambition has guided our development process so far, 
which has already resulted in a prototype of a cloud 
service for quality control. A well-structured system can 
have a critical impact on the generation of project specific 
prompts and self-inspection lists. In this vein, the system 
should be able to use multiple and reliable data sources 
(with Swedish examples including BBR, Säker Vatten, 
GVK, PBL, the clients’ own local data sources, etc.) to 
add context to the prompt and list generation. Letting the 
system interact with such data sources (e.g., by pulling the 
relevant data for a specific query) will significantly 
increase the efficiency of content generation. However, 
AI as such, least of all GPT, has not been part of this 
platform up until the latest (ongoing) project. During the 
latter, we have identified that implementing a GPT AI 
layer on top of the existing cloud service prototype, can 
potentially help addressing the aforementioned client 
needs (especially with regard to knowledge requirements 
for getting value out of self-inspection reports) in an 
educational and intuitive way. Moreover, it can also help 
with time savings for contractors, in relation to retrieving 
lessons learned from previous experiences and adapting 
the self-inspection template per project for 
contextualizing the work ahead. 
Therefore, implementing GPT AI in the existing cloud 
service prototype can potentially not only increase the 
service’s area of implementation, but also increase user 
value. Moreover, communication among the relevant 
stakeholders can be improved, and a new type of quality 
data (incl. textual data in queries) can be collected and 
analyzed. This insights can also be supported by 
investigating the way currently available GPT models are 
utilized to explore possible areas of use. Depending on the 
case, the models have been trained in large datasets, thus 
becoming suitable for a range of different tasks – which 
are, however, interrelated within the domain of the use 
case. In addition to answering questions and generating 
content, GPT systems can also analyze text, assess 
probabilities and relevance, suggest improvements, 
explain complex contexts, and suggest best practices. 
As probably the most popular GPT language models, 
OpenAI's various versions of ChatGPT are trained on vast 
datasets connected to multiple topics, in order to generate 
text and answer user queries in a human-like manner. 
ChatGPT has only been publicly available for a short 
time, but interest has grown rapidly. This may indicate 
that, even in niche services, there is a high demand based 
on the GPT technology. The cloud support for the 
improvement of quality self-inspection in (Swedish) 
construction projects can be considered such a niche 
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service with, as of yet, no use cases featuring the 
implementation of a GPT. Therefore, the uniqueness of 
such an implementation should not only lie in the 
implementation of the GPT itself, but in the value that the 
GPT along with the cloud service and its infrastructure 
can create for the users. It has been ascertained that by 
implementing GPT AI in the intended way, the cloud 
service has the potential to become very attractive to 
clients, designers, and contractors, and create value for 
them when engaging in quality assurance and self-
inspection through the service. 
The insights above have consequently led to some crucial 
considerations, which in turn reflect those obtained from 
the literature review. In particular, the results of a 
potential GPT-powered cloud service should be evaluated 
in terms of reliability, consistency, interpretability, 
generalizability, and data demands and usage. Basically, 
the results from the language model should be interpreted 
as advice and recommendations that still need to be 
evaluated by the user – which would in turn require the 
user (e.g., the client) to have some competence within the 
field for which the GPT is used. Finally, the 
implementation of the GPT AI should be evaluated from 
an ethical perspective (e.g., regarding privacy and 
ownership of data), in terms of the risks involved in 
implementing it as a language model or NLP support, and 
most importantly, by considering what kind of value 
streams are created and for whom. 
Moreover, standing inquiries have emerged in terms of 
the system’s conceptualization, including, but not being 
limited to, the following: 
● Simulated prompts: From where can the system get

its inspiration? Is it going to be agglomerating data
related to previous similar projects from the same or
another client, known errors and defects, professional
roles, working tasks, relevant standards on quality
management (like ISO 9001:2015) and/or risk
management (like ISO 31000:2018) – or a
combination thereof?

● System-generated content: Could it be both the self-
inspection checklists themselves (e.g., regarding
HVAC installations), and, preliminarily, suggestions
for the prompts leading to such checklists (which
would in turn assist users with a limited knowledge
on the relevant domain)?

● The web app perspective: What will each professional
role’s experience be when using the system? How
may the system’s interface and content be adapted for
the needs of the designers and contractors (who,
based on own experience, may anticipate certain
quality problems and self-inspection requirements in
the project at hand), or the clients (who may not know
and be able to predict quality problems that may
emerge)?

Addressing the aforementioned insights, considerations, 
and standing inquiries is still a work in progress. 
Nonetheless, the proposed concept described in the 
following section can act as the relevant basis. 

Conceptual design 

In this section, we will frame the concept of our proposed 
GPT-based cloud quality self-inspection service for 
clients, designers, and contractors, based on the context 
described in the Introduction and the insights and 
considerations derived from our literature review and 
empirical project work. 
First, the process graph in Fig. 1 (see next page) 
conceptualizes the interaction of the system’s workflow 
within a project use case, with the different professional 
roles of the users who intend to use it. In particular, the 
process is initiated with the client creating a project, by 
inputting attributes like the project’s name and number, 
sub-projects (i.e., processes connected to either 
planning/design or construction) and their names (e.g., 
SP01 Planning, UP02 Production), and dates for self-
inspections (also shared with the designer and/or general 
contractor via emails). Then, the project is kicked off in 
the app and an invitation is automatically sent to the 
designer and/or general contractor. After the latter accept 
the invitation, their work in the project starts by creating 
a discipline list related to each sub-project, which can 
either be selected from a drop-down list, or defined by the 
user. Examples of such disciplines can indicatively 
include HVAC, plumbing, or electrical system 
installations. Then, they can invite other users as the lead 
of one or more of the disciplines. The leads can then create 
quality self-inspection checklists, either by themselves or 
by inviting more users to collaborate. Finally, the leads 
and their invited users (if any) create checks and complete 
them; with this completion, a progress report is generated 
into a PDF file, which can then be shared or downloaded. 
Then, in Fig. 2 we schematically represent the concept of 
how GPT should work in the background for the 
realization of the platform’s process steps described 
previously. Specifically, we show how the system can 
potentially build its prompts and generate its suggested 
checklists and reports by interacting with the user, 
utilizing relevant SQL and Vector databases for relational 
creation, storing, updating, and retrieval of data, using 
auxiliary tools like web search, and, primarily, calling and 
retrieving data from the LLM through its API. The content 
generation depends on the user’s role, the databases used, 
and the training of the LLM informing the GPT. Over the 
graph itself, we include the problematization about 
whether the user input should follow a different 
generation rule depending on the user’s profession, i.e., 
whether it should be role-based generation (potentially 
more suitable for designers and/or contractors) or risk-
based generation (namely, returning risk analyses based 
on project description, which is potentially more suitable 
for clients). Resolving this problematization is still a work 
in progress, as, for example, we have so far not engaged 
in correlating potential risks with the presence of quality 
defects. However, it can be reasonably assumed that it will 
not affect the general structure of the concept, but rather 
the content of the prompts, the suggested lists, the 
informing databases, and even the LLM. 
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To further enhance the understanding of how the GPT 
would interface with the user, we offer the following 

interaction example connected to the project description 
analysis step: 

Figure 1: Interaction of the proposed system’s workflow with the different professional roles using it 
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You are a semantics and text analyzer, and your 

task is to understand the meaning of a given text 

and analyze it. 

[text start] 

A construction project has been initiated, which 

involves the raising of a new multi-story 

residential building commissioned by KKVC. This 

development will house 50 apartments and will 

feature comprehensive HVAC and electrical 

installations to ensure optimal conditions for 

future residents. The design aims to deliver 

comfortable, modern living spaces that meet 

current housing demands. Specific details about 

the project's size, budget, timeframe, and phases 

have not been provided, but the core focus will 

be on delivering a residential building with 

high-quality internal systems for heating, 

ventilation, air conditioning, and electrical 

services. 

[text end] 

Analyze this text and grade it. You should 

specifically look for these components: 

● How well does the text describe the project

in general?

● Is there information in the text about the

project budget?

● Is there information in the text about the

project timeframe?

● Is there information in the text about the

project and the construction phases involved?

● Is there information in the text about the

client?

● Is there information in the text about the

disciplines included in the project?

Consider all questions above and then grade the 

text with a qualitative characterization of being 

Poor, Medium, Great, where: 

● Poor means that the text includes little

information addressing the questions above.

● Medium means that the text includes a

reasonable amount of information addressing

the question above.

● Great means that the text includes a very

adequate amount of information about the

project and answers all of the questions

above.

Only return your score and a one-line piece of 

advice on how to improve the text to get a higher 

score (i.e., how to provide more information 

addressing the question above). 

In short, Fig. 1 represents a simplified process flow of the 
cloud service concept, while Fig. 2 summarizes the 
functionality of the added GPT layer further empowering 
the service’s infrastructure. These schemas are not to be 
considered separately, as they jointly constitute the 
concept of our proposed cloud-based service. 

Discussion and conclusions 

It has been documented that flaws in the way quality self-
inspections are practiced can contribute to the recurrence 
of quality defects in Swedish projects. Addressing this 
through improving the self-inspection process itself has 
scarcely been the focus of relevant research. Therefore, in 
this paper we address the research question of how we can 
improve quality self-inspection in Swedish construction 
projects, by proposing the concept of a cloud quality self-
inspection service for clients, designers, and contractors. 
This service is conceived to leverage generative pre-
trained transformer (GPT) AI to access, retrieve, share, 
and create content (in the form of prompts and checklists) 
about relevant project knowledge and quality issues, on 

Figure 2: Schematic representation of how GPT should work in the background for the realization of the platform’s process steps 
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the basis of the understanding that professionals enacting 
quality controls using GPT can be provided with a much 
larger knowledge basis for planning and executing quality 
inspections. 
The GPT AI support is expected to help clients, designers, 
and contractors to address inquiries and generate content 
for control plans and self-checklists. In addition, this AI 
could potentially help in calculating the probability and 
relevance of control plans and self-inspections, as well as 
suggesting improvement measures and best practices. The 
effects of this are that the client, designer and contractor 
can get a tool where qualitative (aggregated knowledge) 
and quantitative (the number of answers and suggestions) 
help is available in a cloud service throughout the project. 
It is even envisioned that, through further development, 
the users will, through some clicks in the app, get a 
proposal for a control plan together with a risk assessment 
and a list of quality-critical elements for both planning and 
execution. That foundation would be critical when 
developing functional requirements and requesting 
documents, as clients, designers and contractors can enter 
some brief information about the current project and get 
suggestions for self-checks based on the most quality-
critical work steps. 
The expected benefits of the cloud service include the 
addressing of client needs with regard to knowledge 
requirements for getting value out of self-inspection 
reports in an educational and intuitive way. Moreover, 
large time savings for designers and contractors can be 
potentially manifested, especially in relation to retrieving 
lessons learned from previous experiences and adapting 
the self-inspection template per project for 
contextualizing the work ahead. These benefits can 
primarily be achieved by having the GPT access, retrieve, 
share, and create content about project knowledge, 
experiences, known quality defects, and best practices. 
The aggregated knowledge to which the language model 
can potentially have access is in itself almost priceless. 
Nonetheless, this research has several limitations. At its 
current stage of development, our proposed concept is still 
a work in progress, comprising an existing cloud service 
base but not a fully formed GPT layer yet. As such, it does 
not wholly address ongoing challenges connected to, 
among others, the GPT learners’ limited domain 
knowledge, the over-reliance on the users’ analytical 
skills to interpret and identify potential shortcomings in 
the content produced by the learner, the results’ accuracy, 
generalizability, and interpretability, the potentially high 
cost of dedicated integration, non-updated regulations on 
GPT implementation, and possibly unethical data use. 
Moreover, there are yet not fully elaborated design 
considerations related to the knowledge requirements of 
the system’s simulated prompts, the substance of the 
system-generated content, and the service’s different 
functionalities and interfaces depending on the role of the 
user accessing it. Furthermore, measures guaranteeing the 
integrity and quality of the data and information processed 
by the GPT have not been considered yet. Using the 

proposed system demands specialized knowledge and 
expertise, and as such it must be ensured the GPT operates 
not merely as a linguistic transformer but as an intelligent, 
knowledge-based quality assessor. Finally, capabilities of 
assessing images (e.g., of hand-written reports), and data 
and/or accessor bias have not yet been considered. 
Future work on the system will thus comprise, among 
others, the robustification of the concept for addressing 
the aforementioned challenges, the development and 
integration of the GPT layer within the cloud service base 
(incl. any needed APIs and user interfaces), and several 
rounds of testing, validation, and re-development, in order 
to iron out any weaknesses in the system’s functionalities 
(incl. analyzing documents for quality against a human 
accessor). It is also critical to ensure the repeatability of 
the application, by comparing different LLM versions and 
vendors for the suitability informing the GPT layer of the 
proposed system. The ambition is that, afterwards, the 
cloud service will be available to all users regardless of 
geographic or economic conditions. Such an availability 
is expected to contribute to a more equal social 
development, as everyone would get the same opportunity 
and access to the service. 
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Abstract 

The complex and time-consuming nature of building 
design necessitates meticulous attention to detail and 
adherence to principles. Automation in the design process 
is crucial with a growing demand for innovative and 
sustainable structures. This review explores the 
transformative impact of integrating deep generative 
models into building design, showcasing their ability to 
generate realistic 3D models, layouts, and structural 
designs. These models address challenges in architectural 
design and sustainability assessment, enabling generative 
design and energy-efficient building design. The review 
suggests potential solutions and highlights the role of the 
models in enhancing sustainability, cost-efficiency, and 
creativity in the built environment. 

Keywords: Design automation, Deep generative models, 
Generative adversarial networks, Variational 
autoencoders, Reinforcement learning 

Introduction 

The building industry faces a critical challenge in 
enhancing the efficiency, cost-effectiveness, and 
sustainability of design processes in the built 
environment. There is an urgent need for research and 
development focused on integrating automation into 
design processes to address this challenge (Bourahla et al., 
2022; Rigger et al., 2018). The paramount importance of 
streamlining design procedures, reducing time and costs, 
and increasing productivity necessitates a thorough 
investigation of traditional design methodologies. 

The potential for the building industry to significantly 
decrease design timelines and environmental impact 
underscores the urgency of addressing this issue. In this 
context, design automation emerges as a promising 
solution, utilizing computer capabilities to quickly 
produce diverse design options that meet complex 
objectives. Therefore, designers can evolve and refine 
designs efficiently, minimizing material consumption and 
enhancing efficiency (Karan and Asadi, 2019; Xiang et 
al., 2021, 2020a, 2020b). 

Recent advancements in artificial intelligence (AI) and 
intelligent optimization algorithms have led to the 
development of new generative design (GD) algorithms 
and systems. Intelligent optimization, with its ability to 
find optimal solutions that maximize or minimize specific 
objective functions, is ideal for structural design purposes. 

The integration of AI techniques in the building industry 
has been steadily growing (Kookalani et al., 2022a, 
2022b, 2021; Kookalani and Cheng, 2022, 2021a, 2021b), 
with the adoption of GD methodologies and AI-driven 
optimization techniques poised to transform how 
structures are designed, constructed, and operated. Deep 
generative models (DGMs) significantly impact GD by 
streamlining processes, reducing errors, and enhancing 
design possibilities. 

This paper aims to extensively examine DGMs and their 
role in optimizing structures. The study highlights DGM 
applications in the building design industry, emphasizing 
their ability for intelligent optimization. Complex 
algorithms enable architects and engineers to efficiently 
explore design alternatives, providing opportunities for 
real-time feedback. This allows designers to make 
informed decisions and create structures that are not only 
aesthetically appealing but also functionally efficient and 
sustainable. 

Methodology 

This section outlines the methodology employed in 
conducting the literature review for this paper, which 
delves into the application of DGMs in the field of 
building design. Specifically, the focus lies on exploring 
DGMs, which encompass GANs, VAEs, and RL 
techniques. A systematic search was conducted within the 
Web of Science Core Collection database to identify 
relevant scholarly papers. The search query employed the 
keywords ("deep generative models") AND 
("architecture" OR "building" OR "structural 
engineering") AND ("generative adversarial network" OR 
"variational autoencoder" OR "reinforcement learning"). 
The search was constrained to categories related to 
architecture and civil engineering, yielding 34 initial 
papers. Additionally, supplementation from the 
references of these papers led to the inclusion of 55 
relevant papers for review. 

Deep Generative Models (DGMs) 

GD supported by AI techniques has emerged as a 
transformative force in reshaping the landscape of 
architectural and engineering practices. This synthesis of 
GD principles with the power of AI, particularly DGMs, 
holds great promise for optimizing structures and steering 
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the construction industry towards a more sustainable 
future. 

DGMs, encompassing models like generative adversarial 
networks (GANs), variational autoencoders (VAEs), and 
reinforcement learning (RL), play a pivotal role in the 
automation of GD and analysis processes. Diagrams of 
these methods are presented in Figure 1. They utilize the 
capabilities of AI algorithms to facilitate the exploration 
of complex design spaces, generating efficient and 
aesthetically pleasing solutions. Notably, DGMs 
streamline the analysis and design of structural members, 
eliminating the need for extensive manual iterations by 
structural engineers. 

(a) 

(b) 

(c) 

Figure 1. DGMs: (a) GAN; (b) VAE; (c) RL. 

The integration of grid search accessible hyperparameters 
enhances the effectiveness of deep learning (DL) models. 
This integration enables engineers to anticipate and 
determine optimal performance levels with greater 
accuracy and efficiency, contributing to the advancement 
of automated GD and analysis (Torky and Aburawwash, 
2018). 

Several studies exemplify the application of DGMs in the 
field of automated GD and analysis. Yoo et al. (Yoo et al., 
2021) propose a DL-driven computer-aided engineering 
system for conceptual design, demonstrating enhanced 
efficiency in structural engineering. Steuben et al. 
(Steuben et al., 2016) focus on AI-driven optimization of 
geometry partitioning for 3D printing, showcasing the 
potential for efficient prefabrication. Li et al. (Li et al., 
2023) introduce a process for optimizing clash-free rebar 

design through the combination of graph neural networks 
(GNN) and exploratory genetic algorithms (GA). 

DGMs, such as GANs, VAEs, and RL, empower 
architects to streamline their workflow and explore 
innovative design possibilities efficiently. These models 
find applications in indoor scene synthesis, conceptual 
designs, floor plan generation, architectural style 
identification, and architectural drawing recognition. 
Notable advancements include single-image 3D 
reconstruction and the utilization of denoising 
autoencoders for completing 3D shapes. Higharc, a 
company employing AI, utilizes DGMs for diverse 
architectural plans, utilizing tools like Finch that integrate 
machine learning (ML) and DL for conceptual designs 
and plan generation within the architecture field. 

In summary, GANs, VAEs, and RL have improved 
automated GD and analysis in the building industry. 
GANs focus on data generation, VAEs on data 
compression and generation, and RL on training agents 
for sequential decision-making. These models offer 
opportunities to enhance structural analysis, optimize 
geometry and material distribution, and foster innovative 
architectural designs. The integration of DGMs into 
building design processes holds significant potential for 
advancing sustainable and visually appealing structures, 
aligning with global efforts to address environmental 
concerns, particularly in the context of smart cities and 
carbon emission mitigation. The continued evolution of 
DGMs promises to shape a future where AI-driven GD is 
a fundamental element of architectural, engineering, and 
construction practices. 

Generative adversarial networks (GANs) 

GANs have emerged as a powerful DL algorithm with 
widespread applications in generative modeling across 
diverse domains, encompassing image, video, and audio 
generation. Wu et al. (Wu et al., 2022) conducted a 
comprehensive review, elucidating the diverse 
applications of GANs in addressing complex challenges 
within the built environment. However, they highlighted 
a shared obstacle within this domain, namely the scarcity 
of meticulously curated datasets tailored for issues 
encountered in the built environment. 

The GAN architecture fundamentally comprises two 
pivotal components: the generator and the discriminator. 
The generator is tasked with crafting new data instances 
replicating the training dataset, guided by feedback from 
the discriminator. On the other hand, the discriminator 
plays a crucial role in distinguishing real data from the 
training set and data synthesized by the generator. This 
adversarial interplay contributes to the overall learning 
process of GANs, with the discriminator offering critical 
feedback on the quality of the generated output. 

In the realm of architecture, GANs have catalyzed a 
significant transformation, automating the generation and 
design of diverse architectural elements. This includes 
facades, interior layouts, building masses, and floor plans. 

838



Notable examples such as ArchiGAN, House-GAN, and 
House-GAN++ showcase the expertise of GANs in 
generating fully furnished architectural plans and 
automated house layouts (Nauata et al., 2021, 2020), 
Architectural constraints are utilized, allowing architects 
to transform generated layouts into physical floor plans, 
exemplifying the practical applications of GANs in 
architectural design, as shown in Figure 2. 

Figure 2. Automatically generating multiple house layout 

options by House-GAN (Nauata et al., 2020). 

Subsequently, Nauata et al. (Nauata et al., 2020) 
illustrated a comprehensive analysis of failure and success 
instances, aligned with the ground-truth data, in their user 
study, as depicted in Figure 3. The first failure example 
appears unusual as a balcony is only accessible through 
bathrooms, and a closet is situated within a kitchen, while 
the second failure example seems odd due to a kitchen 
being divided into two disconnected spaces. 

Figure 3. Failure and success examples by House-GAN from 

the user study (Nauata et al., 2020). 

Expanding beyond conventional design realms, GANs 
have been employed in intelligent shear wall structure 
design (Zhao et al., 2023) and autonomous architectural 
sketch design (Qian et al., 2023, 2022). The versatility of 
GANs is further evidenced by their application in 
automating the design of shear walls, beams, and slabs in 
a two-dimensional plane (Liao et al., 2021; Lu et al., 2022; 
Zhao et al., 2022). Innovative approaches such as 
TxtImg2Img (Liao et al., 2022), modal expansion of 
reticulated shells (Zhang et al., 2023), and modular 
building plan creation (Ghannad et al., 2021) underscore 
potential of GANs to transform structural design 

processes, offering practical solutions in the building and 
construction industry. 

In summary, the landscape of GANs in building and 
structural design is dynamic and expansive. Open-source 
repositories, including pix2pix, SEASAME, CycleGAN, 
StyleGAN, AttnGAN, and GraphGAN, further exemplify 
versatility of GANs in addressing specific challenges 
across various fields, including construction and building 
industry. The continued evolution of GANs and their 
innovative applications underscore their potential to 
reshape and streamline complex design processes, 
fostering efficiency and innovation in the built 
environment. 

Variational autoencoders (VAEs) 

VAEs have emerged as a prominent class of DGMs, 
garnering significant attention across various ML 
domains. Their success, demonstrated since their 
introduction in 2013, stems from their ability to address 
limitations faced by traditional autoencoders, particularly 
in sampling realistic latent vectors due to the sparsity of 
real data distribution in the latent space. 

A fundamental characteristic of VAEs is their integration 
of regularization techniques to mold a well-organized 
latent space during training. VAEs introduce a 
probabilistic sampling approach in the latent space unlike 
conventional autoencoders, as proposed by Kingma and 
Welling (Kingma and Welling, 2013). The encoder of a 
VAE produces mean and variance values, enabling the 
sampling of latent vectors before decoding. The 
incorporation of a Kullback–Leibler divergence loss 
ensures a predictable latent space distribution, addressing 
the sparsity issue encountered by traditional 
autoencoders. 

In the realm of deep neural networks (DNNs), VAEs have 
found particular utility in generative architectural designs, 
specifically in 2D and 3D applications. The regularization 
techniques employed by VAEs facilitate the creation of 
well-structured latent spaces, enhancing the generative 
process. This capability has been exemplified in the work 
of Wu et al. (Wu et al., 2019), who introduced an encoder-
decoder network algorithm for generating floor plans, 
effectively enforcing room location constraints. 
Furthermore, Mirra and Pugnale (Mirra and Pugnale, 
2021) utilized VAEs to generate topological variations of 
shell structure forms, highlighting the adaptability of 
VAEs in diverse design spaces. In addition, Danhaive and 
Mueller (Danhaive and Mueller, 2021) developed a 
methodology using conditional variational autoencoders 
within a performance-guided design exploration 
framework to construct advanced latent variable models, 
enabling the representation of intricate design spaces in 
lower-dimensional subspaces optimized for performance-
driven outcomes, as shown in Figure 4. This study 
demonstrates that design subspace learning offers a 
promising solution to overcome inherent limitations in 
current computational design methods, providing a more 
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intuitive and effective interface for human designers to 
navigate complex design spaces, thus facilitating the 
broader adoption of performance-informed design 
processes. 

Figure 4. Morphological and performance evolution of designs 

in the latent space (Danhaive and Mueller, 2021). 

In the context of unconditional 3D shape synthesis, VAEs 
exhibit significant potential (Soltani et al., 2017). 
Notably, they have been successfully applied to create 
meshes for modeling faces and human bodies, showcasing 
the versatility of VAEs in specific domains (Tan et al., 
2017). The ability to condition VAE training on design 
constraints or user preferences parallels the approach 
taken with GANs. However, VAEs possess an inherent 
advantage with a latent space that already exhibits some 
degree of structure. Researchers have developed 
conditional variational autoencoders (CVAEs) to enhance 
interpretability and control. CVAEs extend conventional 
VAEs by incorporating a conditioning vector as input to 
both the encoder and the decoder, facilitating the 
integration of design constraints and user preferences in 
the generative process (Danhaive and Mueller, 2021). 

In summary, VAEs have proven to be a powerful tool, 
offering solutions to challenges faced by traditional 
autoencoders. Their success in various ML applications, 
coupled with their adaptability to different design 
domains, underscores their significance in shaping the 
future of generative modeling. 

Reinforcement learning (RL) 

RL distinguishes itself from other DGMs by its unique 
ability to learn in an unsupervised manner, obviating the 
need for a pre-existing dataset. Instead, RL operates 
through trial-and-error interactions between an actor and 
an environment, with the goal of maximizing rewards 
accrued through decision-making and action-taking 
(Kaelbling et al., 1996). The central objective of the actor 
in RL is to optimize the total reward obtained, casting RL 
as a form of optimization process. 
An early fusion of DL and RL was pioneered by Mnih et 
al. (Mnih et al., 2015), who integrated DL with Q-
learning. Q-learning revolves around learning the state-
action value function, known as the Q-function, 

estimating the potential reward associated with a specific 
action taken in a given state. The introduction of 
convolutional neural networks (CNNs) in this paradigm 
enabled the learning of the Q-function. 
In the realm of design, RL unfolds as a sequential process, 
iteratively modifying or generating designs through a 
series of actions. The quality or performance of the 
resulting design serves as the reward signal, effectively 
acting as the environment for RL. While RL eliminates 
the need for a conventional dataset, it heavily depends on 
meaningful and reliable reward signals, often 
necessitating a high-fidelity simulation environment. A 
key advantage of RL over GANs and VAEs is its 
flexibility in defining the reward function based on any 
objective, which need not necessarily be differentiable. In 
contrast, GANs and VAEs rely on gradient-based 
optimization and require any added objectives in their loss 
functions to be differentiable. 
In engineering design, RL has been successfully applied 
to address inverse design problems, seamlessly 
combining learning with design optimization. Dworschak 
et al. (Dworschak et al., 2022) proposed a comprehensive 
approach for design automation using RL for parametric 
computer-aided design (CAD) models. Cui et al. (Cui et 
al., 2012) employed Q-learning for design optimization, 
while Yonekura and Hattori (Yonekura and Hattori, 
2019), and Lee et al. (Lee et al., 2019) implemented 
double deep Q-learning (DQN). Sun and Ma (Sun and Ma, 
2020) extended four well-known exploration techniques 
in RL to generate multiple solutions. Shi et al. (Shi et al., 
2020) introduced an innovative algorithm that combines 
RL with off-policy monte-carlo tree search for generative 
floor plan design. 
Jeong and Jo (Jeong and Jo, 2021) presented a novel RL-
based method for automated reinforced concrete (RC) 
beam design. They utilized the deep deterministic policy 
gradient, employing CNN function approximators. They 
demonstrated that the RL agent can successfully create 
continuous beam members with design quality 
comparable to optimized designs, all without requiring an 
iterative process. Additionally, a clearly delineated 
collection of reward functions is essential for the success 
of the suggested approach in expanding its application in 
structural design automation. This entails exploring a 
broader range of cost reward functions. 
Liu et al. (Liu et al., 2020) proposed a novel approach 
employing Q-learning-based multi-agent RL for clash-
free rebar automated designs in practical applications 
involving reinforced concrete structures. The outcomes of 
the simulation regarding success rates and average time 
required for rebar designs in RC members revealed that 
the suggested framework has the potential to substantially 
diminish engineering duration (up to a 90% reduction) 
and prevent spatial conflicts among rebars. Hayashi and 
Ohsaki (Hayashi and Ohsaki, 2021) introduced a novel 
approach combining RL and metaheuristics for automated 
optimal cross-sectional design of planar frame structures. 
It was demonstrated that the optimal simulation outcome 
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improved after completing 100 and 1000 training 
sessions, successfully reducing the cross sections while 
adhering to the constraints. Maghami and Hosseini 
(Maghami and Hosseini, 2022) innovatively incorporated 
deep reinforcement learning (DRL) to facilitate the 
automated reverse engineering of layered phononic 
crystal beams, as depicted in Figure 5. It was 
demonstrated that the algorithm successfully generated 
appropriate geometry. Consequently, the integration of 
RL into engineering design research offers promising 
solutions for addressing complex optimization 
challenges. 

Figure 5. Framework of automated design of layered 

phononic crystal beams through DRL (Maghami and Hosseini, 

2022). 

Methods Comparison 

GANs, VAEs, and RL are prominent techniques in 
artificial intelligence, each serving distinct purposes. 
GANs are primarily geared towards generating realistic 
synthetic data such as images, audio, and text by learning 
the data distribution. VAEs, on the other hand, focus on 
learning latent representations of data, enabling 
generation, reconstruction, and providing a measure of 
uncertainty. RL is utilized for sequential decision-making 
tasks, where an agent interacts with an environment to 
achieve specific objectives, learning through iterative trial 
and error processes. 

In terms of implementation, GANs consist of two 
networks: a generator and a discriminator, trained 
concurrently in a minimax game setup. The generator 
fabricates samples while the discriminator evaluates their 
authenticity. VAEs comprise an encoder and a decoder, 
where the encoder maps input data to a latent space and 
the decoder reconstructs the input from sampled points. 
RL involves an agent interacting with an environment to 

learn a policy maximizing cumulative rewards through 
exploration and exploitation techniques such as Q-
learning and policy gradients. 

Applied scenarios highlight the diverse applications of 
each technique. GANs find utility in generating realistic 
images for data augmentation, style transfer, and image-
to-image translation. VAEs are applied in tasks like image 
denoising, semi-supervised learning, and generating 
novel data samples. RL is widely used in robotics, game 
playing, recommendation systems, autonomous vehicles, 
design automation, and natural language processing tasks. 
However, each technique also faces design challenges; 
GANs may suffer from mode collapse and training 
instability, VAEs often produce blurry samples, and RL is 
susceptible to issues like high sample complexity and 
reward sparsity. Overall, the choice among GANs, VAEs, 
and RL depends on the specific requirements and 
constraints of the problem being addressed. 

Challenges, Opportunities, and future work 

DGMs have emerged as a transformative paradigm in the 
building and construction fields, offering efficient and 
user-friendly alternatives to traditional experience-based 
processes. The exploration of DGMs applications, 
methodologies, and optimization potential has 
highlighted a set of challenges and opportunities crucial 
for its widespread implementation and impact. 

The effectiveness of DGMs heavily relies on high-quality 
and relevant data, posing challenges due to fragmentation, 
inconsistency, and proprietary nature. Addressing this 
necessitates efforts in establishing data standards, 
promoting collaboration, and developing robust data 
acquisition and preprocessing techniques. Utilizing sensor 
technology, building information modeling (BIM), and 
data analytics can enhance data sets, empowering GDM 
models to generate innovative and optimized solutions 
tailored to specific project requirements. 

Incorporating performance evaluation is crucial for 
practical DGMs application. Challenges in fidelity, cost, 
and differentiability need attention. Balancing accuracy 
and computational cost are essential, and advancements in 
surrogate models, self-supervised data augmentation, and 
multi-fidelity modeling show promise in addressing these 
challenges. Future developments aim to create faster and 
more accurate evaluation methods. 

DGMs involve complex algorithms and optimization 
processes demanding significant computational 
resources. Overcoming this complexity requires efficient 
algorithms, parallel computing techniques, and 
optimization strategies. High-performance computing 
architectures, such as tensor processing units and graphics 
processing units, have accelerated DGM workflows, 
making tools more accessible. Future advancements, like 
quantum computing, hold potential for even more 
sophisticated DGM techniques. Quantum computing 
holds promise for improving various fields, due to its 
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ability to process vast amounts of data and perform 
complex calculations at speeds far beyond classical 
computers. It could potentially enhance DGM techniques 
by offering more efficient algorithms for data generation. 
This could lead to the creation of more realistic and 
higher-quality synthetic data, benefiting applications 
ranging from data augmentation to simulating complex 
real-world scenarios. 

Current DGMs tend to imitate existing data, impeding the 
generation of creative or novel designs. Improvements 
can be achieved by enhancing models like creativeGAN 
and introducing new features into typical designs. 
Creative adversarial networks (CAN) can encourage the 
production of surprising and novel design elements, 
fostering more human-like creativity in GD. 

As DGMs become more complex, the need for 
interpretability grows. Explainable AI techniques, 
visualization tools, and interactive interfaces are being 
developed to explain black-box models. Ensuring 
interpretability in DGMs enhances collaboration, 
decision-making, and the adoption of optimized designs. 

The potential of DGMs lies in solving complex problems, 
necessitating collaborations between data scientists, AI 
experts, and construction professionals. Interdisciplinary 
collaborations ensure a deep understanding of domain-
specific principles and constraints, leading to more 
sustainable and impactful designs aligned with industry 
standards and project requirements. 

The convergence of AI and design has brought about a 
paradigm shift in DGMs with the advent of language 
models. These models offer new possibilities for 
exploration, diverse design generation, and innovation. 
However, challenges include designs that may not 
consider practical constraints, requiring human oversight. 
Responsible and ethical use of language models is crucial 
for ensuring designs align with safety, inclusivity, and 
environmental considerations in DGMs. 

Conclusions 

This review has delved into the expansive realm of DGMs 
within the architectural design sector, highlighting their 
promising yet intricate capabilities. While our exploration 
has extended the ways in which DGMs can potentially 
streamline design processes and foster innovation, it is 
crucial to underscore that the transformative potential of 
DGMs is derived from both established applications and 
forward-looking possibilities, rather than conclusive 
proof across the board. 

The discussion on the utility and flexibility of DGMs 
indeed illuminates a path toward significant 
advancements in design methodologies, underscored by 
examples of efficiency gains, creative enhancements, and 
sustainability impacts. However, the journey from 
potential to proven impact is paved with challenges 
including data quality, performance evaluation, 
computational complexity, creativity limitations, 

interpretability concerns, and the imperative need for 
interdisciplinary collaboration have been identified. 
Recognizing these challenges is crucial for charting the 
course of future research endeavors. It is imperative that 
future investigations prioritize advancements in hardware 
capabilities and utilize the potential of language models to 
overcome existing barriers. 

The industry can unlock the full potential of DGMs by 
addressing the challenges. The future trajectory of DGMs 
in the construction sector relies on a delicate balance 
between creativity, optimization, and human expertise. 
This synthesis has the potential to initiate a paradigm 
shift, fundamentally transforming the construction 
landscape and shaping a built environment that adeptly 
meets the intricate and evolving needs of society. 

Essentially, as we navigate the evolving frontier of DGMs 
in the construction domain, it becomes evident that their 
impact extends beyond mere technological advancements. 
DGMs have the power to contribute meaningfully to the 
creation of adaptive and user-centric built environments, 
embodying a symbiosis between cutting-edge technology 
and human ingenuity. The collective efforts of 
researchers, practitioners, and stakeholders are 
instrumental in utilizing this potential, ensuring that the 
future of DGMs in construction is not only transformative 
but also socially responsible and sustainable. The path 
forward requires a clear-eyed focus on evidence-based 
advancements, collaborative innovation, and the 
responsible harnessing of capabilities of DGMs to meet 
the dynamic needs of society and the built environment. 
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Abstract 

Managing intricate supply chains (SCs) in modular 
construction is challenging, necessitating a nuanced 
approach to enhance effectiveness. This study aims to 
explore the potential of platform thinking—a 
methodology that reimagines traditional, linear SCs into 
dynamic, interconnected networks, aligning producers' 
resources with user needs, through an integrative 
literature review method grounded in supply chain 
management (SCM) theoretical perspective. Identifying 
four prospects for platform-induced SC reconfigurations, 
this study offers novel perspectives on preparing the 
modular sector for the platform revolution, highlighting 
the importance of understanding its benefits and 
challenges. 

Introduction 

Change is unavoidable, regardless of how well established 
a business or profession is. A new type of supply chain 
(SC) business model has been adopted by a wide range of 
businesses over the last two decades. Without gratifying 
much about the importance of those, it would be easy to 
start by thinking of companies like Apple, Uber, Airbnb, 
and Twitter. This new generation of companies has taken 
a different approach to reaching scale while meeting a 
wide range of client demands. For centuries, businesses 
operated on a pipeline SC design; they would manufacture 
a product and push it towards a consumer in which value 
had been produced upstream and consumed downstream, 
creating a linear value model like a pipe. Choudary 
(2015), on the other hand, noted that the growing 
connectedness of entities (as part of the globalisation), 
decentralised manufacturing, and the embedding of 
artificial intelligence have driven traditional sectors to 
adopt an entire new SC model. 
Accordingly, many firms in a wide variety of industries 
are acting as a platform to facilitate producers and 
consumers of value around the world to connect and 
interact with each other in a manner that was not possible 
in pipe design. Traditional taxi businesses, for instance, 
were historically established with ownership/possession 
of hundreds of cabs, and passengers were needed to 
request the cab directly from the firm or the driver without 
even knowing what the rate would be. Companies such as 
Uber, on the other hand, are now functioning as a platform 
to link convertible roles (no specified roles for 
participants; a driver in one instance might become a 
passenger in the next) of drivers and passengers toward an 
economic transaction without even owning a single taxi 
for the firm itself. As a result, such platform-based firms 
enable externally positioned producers and consumers to 
trade value within the SC while also allowing them to be 

a part of their core business function. This shattered the 
long-established feature of the firm being the producer of 
value while enabling multi-dimensional value exchanges 
among many SC stakeholders, which is the primary 
deviation from the pipeline model. 
The success achieved by various industries due to the 
transition from pipe to platform-enabled SC models is 
undeniable. By the end of 1980s, there were less than ten 
firms who has tried at adopting platform strategy into their 
SC functions. However, the Forbes Insights survey (2017) 
found out that 31% of organisations consider themselves 
top performers in platform thinking, enabling both 
external and internal SC stakeholders to interact with the 
organisation and widening the availability of the 
organisation's digital resources to all stakeholders 
(McKendrick, 2017). In 2019, it was reported that seven 
of the world's ten most valuable firms are based on 
platform-enabled models with less than two decades of 
existence. As a result, the advantages and potential 
disruption to established firms from platforms seem 
essentially inconceivable. Parker et al. (2016) rephrased 
Marc Anderssen's famous slogan "software is eating the 
world" in 2011 to highlight the massive disruption caused 
by software-based digitalisation in every aspect of human 
life as "platforms are eating the world" because software 
alone is insufficient with current market features: 
increasing interconnectivity, decentralised 
manufacturing, and the emergence of artificial 
intelligence.  
As a result, the potential value that can be realised by a 
platform opportunity in the modular industry is 
unmistakable. Even though the modular industry already 
comprises the market attributes, platform disruption has 
only been examined as a feasible tool for achieving mass 
customisation (Bertram et al., 2019). However, an 
investigation into current platform studies in modular 
construction revealed that the identification of further 
opportunities arising from unique SC reconfigurations 
induced by platform applications in modular construction 
has received minimal attention. Also, as Thurairajah et al. 
(2023) reveals, even though most production procedures 
in manufacturing sectors are mature and ready to use, 
applying these approaches blindfolded without 
systematically thinking about or adopting them may bring 
additional issues in any given context. As a result, the 
purpose of this study is to take the initiative in presenting 
on how the platform thinking may provide effective SCM 
within the modular construction. Thereby, this study 
intends to demonstrate the viability of platform-enabled 
SC in a modular construction setting in a methodical 
manner. 

845



What is platform thinking?  

Thomas, Autio, and Gann (2014) establish platforms as 
control and monitoring mechanisms within SCs, 
concentrated on shared technology, standards, and assets 
that confer benefits to contributors. Robertson and Ulrich 
(1998) present a more inclusive definition of platforms as 
a collection of assets—encompassing components, 
processes, knowledge, people, and relationships—shared 
among a range of product SCs. In essence, platforms 
constitute a unification of components and rules 
governing SC relationships, where components 
encompass software, hardware, service modules, and 
architectural frameworks delineating their interactions 
(Henderson and Clark, 1990), and rules encompass 
standards, protocols, and regulations organising the 
activities of contributors within the ecosystem (Baldwin 
and Clark, 2000). 
The application of platform thinking to restructure a 
firm’s SC into somewhat standardised is not a recent 
phenomenon. In manufacturing, it is routine to leverage 
past designs to improve or fix shortfalls in prior activities, 
resulting in the emergence of platforms as subsystems and 
interfaces facilitating efficient development and 
production of product families, such as automobiles or 
consumer electronics devices (Muffatto and Roveda, 
2002). A fundamental objective of such platform-based 
new product development is to augment product variety, 
addressing diverse customer requirements, business 
needs, and technological advancements, while upholding 
economies of scale and scope within manufacturing 
processes—a concept inherently linked with "mass 
customisation" (Pine and Davis, 1993). 

Platform thinking in construction  

The advent of platform thinking in the construction sector, 
especially through the strategic use of artificial 
intelligence, digital innovation, and the standardisation of 
processes, marks a pivotal transition towards a more 
synergistic, efficient, and forward-thinking modus 
operandi. Studies, such as of Oprach et al. (2019), 
elucidate the way a platform-centric approach, augmented 
by AI, substantially boosts data interoperability and 
utilisation across diverse organisational frameworks, thus 
engendering an ecosystem ripe for innovation and 
streamlined operations within the industry. Concurrently, 
Jansson, Johnsson, and Engström (2014), alongside 
Eriksson and Emilsson (2019), lay emphasis on the 
quintessential role of standardisation and modular design, 
coupled with the implementation of process platforms, as 
instrumental in enhancing product delivery flexibility and 
efficiency. Such platforms adeptly manage consumer 
specifications, bolstering competitive product 
propositions while steadfastly adhering to a platform-
centric strategy. Furthermore, Lapidus (2022) broadens 
this discourse to encapsulate large-scale construction 
ventures, where organisational and technological 
platforms, through the leverage of digital technologies 
and information modelling, optimise construction 

undertakings. Additionally, the discourse on platforms as 
pivotal in knowledge management within construction 
firms, as posited by Styhre and Gluch (2010), illuminates 
their utility as boundary objects that amalgamate 
functions and codify procedures—a cornerstone in the 
efficacious management of knowledge and the propulsion 
of innovation. 
Yet, despite the apparent advantages and the progressive 
integration of platform thinking within construction 
paradigms, a discernible lacuna persists in its application 
to SCM within the domain of modular construction. 
Characterised by its predilection for prefabrication and 
assembly-line proficiency, modular construction is 
ostensibly positioned to reap substantial benefits from 
platform-centric SCM methodologies. Such an 
amalgamation promises not only to streamline operational 
processes but also to foster stakeholder collaboration, 
thereby paving the way for more sustainable and cost-
efficient construction modalities. Yet, the existing 
literature lacks comprehensive analysis on the effective 
implementation of platform thinking in SCM for modular 
construction. This identified gap serves as a critical 
research avenue for this study, aiming to explore the 
transformative impact of platform thinking on SCM 
practices, thereby ushering in a new epoch for modular 
construction and the construction industry at large. 

Research Method 

Using an integrative review methodology, this study seeks 
to investigate the effect of platform thinking on the 
effectiveness of SCM within the milieu of modular 
construction. The motive for using an integrative 
methodology was established on its ability to foster a 
comprehensive discourse around ongoing challenges by 
combining and processing existing theories or concepts 
(Synder, 2019). Integrative literature reviews, whether 
they focus on well-entrenched or emerging subjects, vary 
predominantly in their synthesis approach. For recognised 
topics, this method involves a thorough examination of 
existing scholarly contributions, facilitating a critical 
assessment to either recontextualise or expand prevailing 
theories. On the other hand, for emergent fields, it 
envisages producing innovative theoretical frameworks or 
models (Synder, 2019). Following this principle, this 
study looked for literature, employing terms such as 
"modular construction," "supply chain management," 
"platform business models," and "platform thinking," 
located from authoritative databases like Google Scholar, 
Scopus, and Web of Science. This search yielded insights 
into the evolution of the platform concept across various 
industries and the enhancements it has spurred. This phase 
was succeeded by an investigation into the potential of 
platforms to revolutionise SCs across sectors. This led to 
an analysis focused on the modifications within modular 
SCs that accompany a successful reconfiguration from 
product-centric to platform-centric models. 
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Background 

Supply chain management (SCM) 

The definition of "supply chain" exhibits a greater 
consensus compared to the definition of "supply chain 
management" (SCM). While La Londe and Masters 
(1994) offer a straightforward perspective, viewing a SC 
as a "set of firms that pass materials and services 
forward," Mentzer et al. (2001) present a nuanced view, 
outlining it as a "set of three or more functional bodies 
directly involved in the upstream and downstream flows 
of products, services, finances, and/or information from a 
source to a customer" (p.4). The management of these SCs 
serves as a mechanism for SC components, aiming to 
foster an innovative mindset that creates significant value 
for end customers, as highlighted by Ellram (1990). In line 
with the reviewed literature, this study takes a stance on 
SCM by considering the SC as a unified entity to govern 
the flow of inventory from inception to destination. 
Additionally, it emphasises placing the sub-units of the 
entire SC logically for enhanced integration among inter-
firm functions and strategic capabilities. 
Love et al. (2004) articulate the intricacies of supply chain 
management (SCM) within the construction sector, 
outlining it as a network involving facilities and activities 
contributing customer and economic value to various 
functions, including design development, contract 
management, service, material procurement, materials 
manufacture and delivery, and facilities management. 
However, the reality of SCM in the construction industry 
reveals a lack of cohesion, adversarial relationships, and 
a project-centric mindset, hindering the optimisation of 
value creation (Bankvall et al., 2010). In scrutinising the 
underlying causes for these challenges, a paramount 
consideration is delving into the unique attributes of the 
construction industry and its project environments, which 
are often perceived as trailing behind other sectors in 
terms of clear and long-term supply relationships 
(Thurairajah et al., 2023). Notably, Vrijhoef and Koskela 
(2000) highlight distinctive features in construction SCM, 
including converging SCs directing all materials to the 
construction site, project-specific configurations, and 
make-to-order SC relationships characterised by limited 
recurrence. This perspective aligns with Fearne and 
Fowler (2006), who argue that prevailing structural 
features in construction SCs are suboptimal from a 
production standpoint, primarily due to the inherent 
fragmentation and transience in supply relationships. 

Modular construction and its Supply Chain (SC) 

Concerning modular construction, Langlois (2002, p. 19) 
explains modularity as "a highly general set of principles 
for managing complexity. By disassembling a complex 
system into discrete pieces—capable of communication 
solely through standardised interfaces within a 
standardised architecture—one can obviate what would 
otherwise be an unwieldy entanglement of systematic 
interconnections." Within the construction industry, 
modularity manifests as the production of volumetric 

systems, along with sizable, prefabricated sections within 
a supervised manufacturing setting. Volumetric systems 
comprise three-dimensional modules functioning either 
independently or multiplicatively, contributing to the 
building's structural integrity (Thurairajah et al., 2023). 
These modules, produced in a factory with all finishes 
(i.e., fixtures and fittings), involve least on-site 
installation work. Essentially, the modular construction 
approach entails off-site SCM, diverging from traditional 
on-site methodologies. 
Prior to delving into the SC intricacies of modular 
construction, a prerequisite lies in delineating the 
disparities between traditional construction processes and 
the modular method, considering these as fundamental 
determinants of its distinctive nature. Notably, the design 
of modular buildings undergoes detailed scrutiny under 
the Design for Manufacture, Logistics, and Assembly 
(DfMA) approach, with a focus on real-world execution 
encompassing manufacturing, logistics, and assembly 
(Building and Construction Authority, 2017). Another 
distinction surfaces in the imperative for factory 
production, necessitating an early freeze on the detailed 
design to facilitate module production—a necessity 
absents in traditional construction (Thurairajah et al., 
2023). 
Regarding the SC dynamics of modular construction, in 
contrast to the conventional SC, modular SC can be 
perceived as an intricate ecosystem encompassing firms, 
participants, information, and resources engaged in 
interconnected downstream and upstream processes and 
activities, culminating in value delivery within modular 
projects. This delineation encapsulates the fluidity of 
information and material flow throughout the delivery 
chain, spanning conceptualisation, tendering, design, 
procurement, construction, handover, and the operation 
phase of construction projects (Vrijhoef and Koskela, 
2000). Given the apparent distinctions between traditional 
construction and the modular approach, the configuration 
of the supply and delivery chain in the latter departs from 
the former. The modular SC stages are typically 
concretised as design, procurement, production, logistics 
(encompassing transportation, buffer, and storage), and 
on-site installation (Luo et al., 2020). 

Discovering Prospects in Platform-induced 

SC Reconfigurations  

Most of today's platforms (i.e., iOS, Facebook, Google, 
etc.) started as successful standalone products, while 
some began as services or one-sided platforms. The 
Internet, which enables SC actors from anywhere on the 
globe to communicate in a matter of seconds, is primarily 
responsible for the transformation of products into 
platforms (Abdelkafi et al., 2019). On the other hand, 
Tiwana (2014) stated that such a transformation would be 
the safest alternative for product owners to establish a 
successful platform. Because successful products have an 
established consumer base, from which product owners 
are motivated to consider a future option to construct a 
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platform aimed at offering a more inclusive service to 
consumers as a collaborative effort of multiple parties. In 
the current world, anytime a product is successful and one 
side (i.e., consumers) accepts it in droves, each of these 
products is driven to add a second side to grow into a 
platform (iPhone added App Store, Facebook added 
advertising, Firefox added extensions). However, as 
Hagiu and Altman (2017) pointed out, such a 
transformation for successful products is not an 
instantaneous process, and organisations that are not born 
platforms are frequently left in the dark in search of a 
strategy to achieve this transformation.  
In the domain of modular construction, Thurairajah et al. 
(2023) highlights a significant evolution in SCs, 
extending beyond the simple delivery of modular 
buildings to include elements that add value, such as 
servitisation—focusing on operational and maintenance 
aspects—and customisation, which empowers consumers 
to influence the specifications of modular products. 
However, the sustainability of these evolved SCs has been 
questioned. Persson and Lantz (2022) argued that despite 
the direct advantages derived from servitisation and 
customisation, these practices may not ensure the long-
term sustainability of modular construction firms. The 
financial difficulties confronted by prominent modular 
construction companies in the UK, such as ILKE Homes 
and L&G, credited to the complexities of managing 
diverse service offerings, increased SC complexities, and 
the need for dynamic adaptation strategies, reinforce these 
concerns, causing unease among industry professionals 
regarding future SCM innovations. 
Addressing these challenges, this study introduces four 
strategic opportunities, or "prospects," for modular 
construction companies to adapt to and leverage in the 
wake of SC transformations brought about by platforms. 
These prospects are identified through an adaptation of 
Tiwana's (2014) "four lenses framework," originally 
developed for software development, now repurposed for 
the construction sector. This framework uses four distinct 
perspectives to dissect and comprehend the extensive 
production processes in the context of platform thinking. 
The identified "prospects" offer modular construction 
firms a guide for strategic adaptation and enhancement in 
areas such as consumer interaction, operational 
efficiency, service diversification, and ecosystem 
collaboration, as depicted in Figure 01. 

Prospect 1: Horizontal supply chain collaborations. 

Barrat (2004) outlines horizontal SC collaboration as the 
collaborative inter-firm dynamics existing among entities 
operating at similar SC tiers (i.e., this could be component 
manufacturers considering the modular context). Barrat 
(2004) also suggests that these collaborations hold the 
potential for enhanced advantages, encompassing shared 
risks, mutual acknowledgment, and interdependence 
directed at shared or industry-wide goals which could not 
have been achieved by a single industry player. 

Accordingly, a platform requires to have at least two sides 
(Eisenmann et al., 2006), resulting the significant SC 
reconfiguration within any production process. 
Schmalensee and Evans (2007, P.38) emphasised that the 
unifying factor of all platforms is that they facilitate 
interactions between at least two or more "distinct" groups 
who want to engage with and require each other but 
cannot initiate such interaction by the current means of. 
As a result, Tiwana (2014) determined that to be a true 
platform, two distinct parties must be offered, with the 
platform actively engaged as the medium for the 
interaction (i.e., based on that claim, ERP is a one-sided 
platform in which the platform owner-software developer 
serves the needs of the enterprise/company without 
interfering with or governing communications between 
the company and its third-party suppliers/professionals). 
As a result, in any product environment, if there is any 
chance that two or more parties might enhance their 
values by having someone support them in finding each 
other and engaging cost-effectively, then there is an 
opportunity for a platform to be established. By saying so, 
it does not imply that the interaction would be impossible 
to occur in the absence of a platform; rather, the existence 
of a platform has made such interaction simpler and less 
expensive by linking in ways that those parties could not 
directly connect (Evans, Hagiu and Schmalensee, 2006). 
Platforms could serve as a conduit for facilitating value-
infused interactions between two or more parties. 

Prospect 2: Demand-responsive supply chains. 

The imperative of SC Responsiveness (SCR) has 
escalated, presenting paths for competition in business 
landscape. Formerly a conceptual abstraction, SCR has 
become into a strategic tool, necessitating the evolution of 
SCs towards heightened flexibility and responsiveness 
(James-Moore,1996). Accordingly, SCR is seen as the 
capacity of the SC to adeptly address variations (i.e., 
niches) in general consumer demand (Holweg, 2005). It 
also captures the coordination of production, inventory, 
location, and transportation within the business firms of 
SC, strategically optimising responsiveness and 
efficiency tailored to the relevant market dynamics. 
In light of this, consumers (markets) for any product SC 
can be identified under two categories: core and niche 
markets. However, satisfying the needs of the niche group 
of consumers (also known as long-tails in the product 
market) is fairly challenging within the economics of 
scale in manufacturing (including modular construction) 
since such consumers' needs are somewhat distinct from 
the basic/ every-day consumers' demands (which majority 
of the product market) (Rogers, 2004). As a result, 
product owners might consider a platform solution to 
handle the market's long tail through smaller competitors 
in the industry. Such a choice by product owners to form 
a platform may be an alluring option to: digitise and 
modularise (decentralise) the production activities that are 
currently provided in-house; provide additional goods or 
services to enhance the value of the core product; bring 
specialised collaborators who are excelled at performing 
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a certain activity rather than manufacturers themselves; 
enable smaller firms to improve their work based on 
producers' work without replicating it (Gawer and 
Cusumano, 2008). 

Prospect 3: Vertical supply chain collaborations. 

In contrast to the previously examined horizontal 
collaboration, vertical SC collaboration delves into inter-
firm relationships at various levels within the SC (Barrat, 
2004). This entails exploring the dynamic between 
suppliers and manufacturers, specifically in a modular 
context this could be manifested as the collaboration 
between component manufacturers and mega 
manufacturers.  

Also, as discussed in the first prospect, a real platform 
should at least include two distinct parties. However, the 
initial inclusion of both parties by a platform owner 
proves unfeasible. Hence, Tiwana (2004) emphasised the 
importance of presenting at least one party from two 
distinct groupings to bring a platform to its true essence. 
Platform development, on the other hand, may face a 
"chicken-egg dilemma," in which interested parties may 
find a platform unappealing to join in the absence of a 
strong presence on the opposing side (Calliaud and 
Jullien, 2003). Consequently, Tiwana (2014) elucidates 
that if a prominent market player aligns with the platform 
solution, it induces other entities to join, driven by 
perceived prestige and the ensuing competitive advantage 
in their respective business domains.  Once a party agrees 
to be corporative in the platform creation, the platform 
solution should include a compelling value proposition 
with the already recruited party to bring the other side 
onboard as well.  

Prospect 4: Cross-functional collaboration impact. 

Cross-functional collaboration within SCs facilitates a 
comprehensive evaluation of SC’s state in alignment with 
industry needs. This evaluation serves as a foundation for 
crafting and perpetuating value through a collaborative 
assessment (Oliva & Watson, 2009). Beyond mere 

coordination among business entities, industries must 
methodically define problems, explore available options, 
and forge agreeable solutions by fostering collaboration 
across diverse functions within the industry (i.e., in the 
context of the modular industry, these functions span 
design, planning, procurement, manufacturing, logistics, 
and operation & maintenance). 
When a platform facilitates value-added interactions 
among and between two or more distinct groups, cross-
functional collaboration impact (i.e., in platform literature 
this has been termed as network effects) define the 
level of value impact that every new contributor (from 
one group) may offer to the rest of the existing platform 
contributors (Tiwana, 2014).  

This level of collaboration impact (network effect) might 
be perceived by contributors in the same group (same-side 
network effects) or by contributors in a different group 
(cross-side network effects). Tiwana (2014) emphasised 
the importance of a clearly established second side to 
produce cross-side effects rather than same-side effects 
because such effects would assist the platform in 
generating downstream sub-products (rather than just 
increasing the consumer base or supply rate by having 
more contributors on the same side) that the core market 
group could use to enhance their experience with the main 
product or service. 
As a result, if any production process is transformed into 
a platform, the platform owner should be able to recognise 
that there is more than one "other side" that could inflict 
the most obvious cross-side network effects. Therefore, 
Tiwana (2014) asserted that every production or 
manufacturing scenario that can be observed via at least 
two of the impacts depicted in the four lenses (refer to 
Figure 01) that generate due the product’s 
transformation into a platform. 

Figure 1: Four prospects due to platform-induced supply chain reconfigurations 
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Expected prospects due to platform-induced 

modular construction SC reconfigurations  

Modularity in construction fundamentally transforms 
complex buildings into manageable, independently 
produced components that together constitute a unified 
structure. This approach, deeply embedded in the 
principles of mass production within controlled settings, 
has traditionally been recognised as a collective 
endeavour among various manufacturers (Langlois, 
2002). Yet, recent challenges faced by modular factories, 
especially those related to scaling component production, 
necessitate a critical reassessment of these collaborative 
frameworks (Ethiraj & Levinthal, 2004). Such challenges 
not only question the efficacy of conventional 
collaboration in component manufacturing but also 
spotlight the limitations in applying modular principles in 
practice. 
This situation highlights the necessity for a thorough 
reassessment of the manufacturing strategies within the 
modular SC, suggesting the need for a unified approach 
across various SC entities. However, we would like to 
highlight that the purpose such evaluation is not aiming to 
detract from the value of current alliances within the 
modular domain but rather to improve the collaborative 
efficacy of these partnerships (Brusoni & Prencipe, 2001). 
Within this context, the adoption of platform thinking is 
pivotal, promoting an integrated ecosystem of 
stakeholders in the modular construction SC. This 
approach enables direct access to a broader spectrum of 
component manufacturers, overcoming conventional 
geographic limitations (Parker, Van Alstyne, & 
Choudary, 2016). Such strategic unification not only 
streamlines procurement processes but also ensures the 
participation of the most appropriate contributors for each 
initiative. 
Moreover, the modular construction industry's inherent 
adaptability, particularly through the use of prefabricated 
components, positions it uniquely to address diverse 
customer requirements (Baldwin & Woodard, 2009). 
However, the pursuit of extensive customisation within 
this model presents challenges, notably in reconciling the 
advantages of standardisation with the intricacies of 
individualisation. The pursuit of excessive customisation 
may dilute the efficiency and scalability that are hallmarks 
of modular construction, risking resource allocation away 
from broader market needs and impacting production 
timelines and efficiency (Thurairajah et al., 2023). 
Embedding modular offerings within platform-based 
frameworks offers a systematic method to maintain both 
the autonomy of individual component production and the 
integrity of the assembled product. This approach aligns 
with Tiwana’s (2014) perspectives on innovation and is 
exemplified by Dell's successful mass customisation 
model, which assembles personalised products from a 
spectrum of supplier components (Berman, 2002). 
Despite apprehensions that platforms might enable 
dominant entities to overshadow smaller firms, a more 

discerning view recognises the ambivalent nature of 
platforms. While platforms can introduce imbalances and 
governance complexities requiring vigilant regulation to 
ensure fair participation (Tiwana, 2014), they also present 
strategic benefits for all stakeholders. Platforms enable 
small and medium enterprises (SMEs) to engage with 
larger markets, gaining visibility and opportunities for 
growth by addressing niche demands. Apple Inc.’s 
platform strategy exemplifies how integration with a 
global network of developers can augment service 
offerings while supporting smaller contributors (Stratton, 
2020). 
Further, platforms centric SCs equipped with modern 
digital technologies and artificial intelligence 
substantially optimise design and production workflows, 
ensuring that supply dynamically matches demand. This 
enhancement not only streamlines production and 
inventory control but also equips the modular 
construction industry to swiftly adapt to changes in 
market dynamics and consumer preferences. Also, the 
analytics derived from interactions on these platforms 
provide invaluable insights into market trends and 
operational performance, enabling the refinement of 
products, reduction of waste, and improvement of 
customer satisfaction. This shift towards an analytics-
driven, consumer-oriented approach signifies a notable 
advancement in the strategic market positioning of the 
modular construction sector (Kagermann, Helbig, 
Hellinger, & Wahlster, 2013). 
Overall, the advent of platform thinking within the 
modular construction SC represents a significant 
departure from traditional methods, ushering in an era 
defined by enhanced integration, flexibility, and creative 
innovation. These platforms do more than just improve 
collaborative efforts and customisation capabilities; they 
transform the future of the industry, guiding it towards a 
path of increased agility, efficiency, and a stronger focus 
on customer needs.  

Conclusion and Way Forward 

The construction industry including modular, known for 
its historical resistance to change, finds itself on the brink 
of the impending platform revolution, an unstoppable 
force that has already reshaped various manufacturing and 
production industries. While acknowledging the 
industry's apprehensions and reluctance, it is also 
imperative for construction professionals to embrace this 
transformative wave. Accordingly, this study serves as a 
forewarning for construction professionals, encouraging 
them to embrace the imminent platform revolution. 
However, it is also crucial to dispel the notion that 
platform solution serves as a one-size-fits-all solution for 
the modular industry's challenges, a tendency often 
observed in past innovation breakthroughs. Instead, this 
study critically explores how platforms may reconfigure 
modular SCs, unveiling opportunities for effective 
horizontal and vertical integrations, demand 
responsiveness, and the ability to generate more value 
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impacts through cross-functional collaborations. The 
envisioned platform transformation in the modular SC is 
nuanced, neither a purely positive nor negative scenario. 
While it promises an efficient, collaborative, and 
responsive SC, it concurrently poses threats of 
consolidating power among major industry players. While 
the primary objective of implementing a platform solution 
is to facilitate an effective industry-wide collaborative SC, 
the existing competitive dynamics within the market 
structure pose a substantial impediment to realising the 
identified prospects. Consequently, advocating for a 
transparent and equitable platform governance model is 
imperative to pre-empt potential adversities and ensure 
the success of the initiative. This governance model is 
anticipated to prevent exploitation of medium and small-
scale market players by larger entities, fostering a 
mutually beneficial, win-win scenario. Moreover, 
acknowledging the perceived hindrance posed by data 
sharing, particularly within a competitive environment 
involving market competitors, necessitates the 
establishment of predetermined governance mechanisms. 
These mechanisms are instrumental in delineating how 
data is shared, with whom, and to what extent, thereby 
fostering a consensus among platform participants while 
addressing concerns related to the exposure of intellectual 
properties within the industry. Therefore, it is essential for 
the modular sector to prepare for the platform revolution, 
not only by understanding its potential benefits but also 
by being cognisant of the challenges it may pose. Prepared 
with this knowledge, construction professionals can 
realise preventive mechanisms, drawing insights from 
other sectors that have already navigated the complexities 
of the platform revolution. The call to action envisioned 
in this study is clear: engage, adapt, and lead the way 
forward for modular industry in this platform-induced 
transformative era. 
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Abstract 

The construction industry makes a significant 
contribution to global resource and energy consumption 
and the associated CO2 emissions. The environmental 
impacts in the execution phase compared to the planning 
and operating phase have not yet been comprehensively 
investigated in research for several reasons. This paper 
presents a methodology for the preliminary calculation of 
greenhouse gas emissions on the construction site by 
simulating the nonlinear behavior of the complex and 
dynamic construction processes. The estimated results 
will help to optimize the execution planning of the 
construction processes from an environmental 
perspective. 

Introduction 
According to a report by the International Energy Agency, 
the construction and operating of buildings accounted for 
the largest share of both global final energy consumption 
(36%) and energy-related greenhouse gas (GHG) 
emissions (39%).  
However, the Intergovernmental Panel on Climate 
Change (IPCC) predicted that the construction sector has 
the greatest potential for significant reductions in 
greenhouse gas emissions compared to other major 
manufacturing sectors (IPCC, 2014). Particularly during 
the operating phase, the building energy requirement will 
decrease due to the increased requirements for new 
buildings and renovations of old buildings. Due to this 
development, the embodied energy will become more 
important as its share of total energy has increased 
significantly, based on the calculated life cycle of 50 
years. For this reason, studies into sustainable materials 
like clay are currently gaining great importance in 
research and development (Tourtelot et al., 2023; Muntari 
and Windapo, 2020).  
Compared with the operating phase, the construction 
phase is a short-term phase and is believed to have small 
environmental impacts, so it has not attracted much 
research (Slossharek et al., 2021). However, to exploit the 
full potential for reducing greenhouse gas emissions in the 
construction industry, the execution phase should also be 
optimized in this regard. 
Nonetheless, the complex and dynamic parameters and 
their relationships on the construction site make it difficult 
to quantify the environmental impacts in the execution 
phase. In current practice, only qualitative analyses are 
carried out to demonstrate the sustainability of the 
construction site. 

The use of simulations can provide a cost-effective and 
efficient approach to analyzing construction processes 
and evaluating the resource consumption of different 
construction methods. 
Several researchers have integrated simulation methods 
such as discrete event simulation (DES), system dynamics 
(SD) and agent-based simulation (ABS) for various 
purposes in construction (Xie and Peng, 2012; Xia and 
Sun, 2013; de Assis et al., 2021). However, such a 
simulation-based approach is rarely used in the 
environmental impact assessment of the construction 
phase. 
In this paper, a hybrid simulation model combining ABS 
and SD is proposed to analyze the environmental 
performance during the construction phase. 
Autonomous agents represent construction processes, and 
their needed resources can interact with each other 
according to predefined operating rules. SD provides 
causal effect loops to simulate the nonlinear behavior of 
dynamic construction processes. A simple example is 
presented as well to test the developed simulation model. 

Work methodology 
The simulation of the processes in the construction phase 
requires a variety of inputs from different areas for 
realistic results, such as data on the work schedule, 
quantities, the planned construction methods and the 
construction site facilities. 
From an IT perspective, the different data structures of the 
required data represent a major challenge for the 
simulation. Another challenge is that the construction 
processes are nonlinear and therefore the traditional 
discrete event simulation may not lead to reasonable 
results.  
For this purpose, hybrid modelling using multiple 
interacting agents and system dynamics is used for the 
simulation in the presented approach of this paper. 
Agents are defined in ABS as intelligent autonomous 
objects that represent real parties without global control 
and unified goal (Ren and Anumba, 2003).  
Autonomously acting agents interact directly with their 
predecessors and successors. According to predefined 
operating mechanisms, process agents register their 
required resources in a central board system that is used 
for all agent negotiations. Depending on the availability  
of resource agents, the control centre processes all 
information in a specific protocol and initiates resource 
allocation accordingly. Both construction processes and 
needed resources are represented by agents. 
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System dynamics simulation is a top-down approach 
based on information feedback to analyse complex system 
behaviour between project elements within a predefined 
boundary (Ding et al., 2016; Ding et al., 2018). Typically, 
system dynamics models are structured by stock-flow 
diagrams, which describe the movement of entities from 
start to finish in a model, and by causal loop diagrams, 
which capture the chain influences of a cause that can be 
traced back to the original cause and a set of related 
variables. 
The concept of causal loop diagrams is explained in the 
simple well-known example related to the human 
population (Figure 1). 
If the human population increases (larger birth rate), this 
leads in loop 1 (left) to the population continuing to grow 
in the future. Such a loop is called a Reinforcement Loop 
(R). Since people need some time after birth before they 
are able to have children of their own, the loop has a delay, 
which is represented by two pipes in figure 1. This delay 
is not deterministic (e.g. 18 years), but depends on many 
cultural, economic, and other factors. For this reason, this 
delay should be represented using a suitable probability 
distribution. Deaths cause the population to decrease. This 
is shown in the loop on the right (Balancing Loop B). 
Loop B also has a delay because most people do not die 
immediately after birth. This delay also has to do with 
many factors, such as available medical care, exercise or 
eating habits and cannot be used as a deterministic value 
(e.g. 75 years), but in this case too a suitable probability 
distribution should be used. 

Figure 1: a general example of Causal Loop Diagrams 

Another well-known example is related to using work 
overtime to accelerate the schedule (Figure 2). 
Two feedback loops can help decision-makers become 
aware of both the positive and negative impacts of this 
management policy. In Figure 2, loop 1 is a reinforcement 
loop. Indeed, starting with an assumption that 
Overtime_hours grows and going around the loop 
counterclockwise (according to the direction of the links 
going from Overtime_hours through Fatigue, 
Completed_Work, Remaining_Work and come back to 
Overtime_hours), we get growth of Fatigue, but at the 
same time this leads to decrease of Completed_Work, 
increase of Remaining_Work and again get growth of 
Overtime_hours, so the same result as the initial 
assumption. Alternative check by counting the number of 

negative links: This loop has two negative links, so it is a 
reinforcing loop.  
This reinforcing loop shows a negative impact of the 
overtime policy. On the other hand, loop 2 is a balancing 
loop, which indicates the positive effect of working 
overtime. The adoption of overtime means an increase in 
Overtime_hours. Let’s go around the loop 
counterclockwise. The increase of Overtime_hours leads 
to an increase of Completed_Work, and that by-turn leads 
to a decrease of Remaining_Work. Consequently, the 
decreased Remaining_Work will result in the reduction of 
Overtime_hours, so the result contradicts the initial 
assumption. Alternative check by counting the number of 
negative links: This loop has one negative link, so it is a 
balancing loop. 

Figure 2:  a general example of Causal Loop Diagrams using 
the Feedback processes related to overtime. 

In the presented approach, SD including the schedule 
pressure loop and the rework loop, is embedded in the 
processes to capture the dynamic behaviour. 
Process patterns are used to facilitate the use of the 
construction processes in the simulation. A relational 
database is developed to manage the data of the process 
patterns. Process patterns are generally used to describe 
repetitive processes in various construction projects 
(Dori, 2016; Nguyen, 2024). The process patterns can 
therefore be used when simulating various projects. 
The process pattern structure includes the following 
elements (Figure 3): 
● Description: depicts the process pattern and its

application.
● Metadata: contains information about when the

process pattern was created, who the author is and
some tags to help find patterns.

●  Object(s), one or more building object types are
created by completing all steps as described in the
process pattern, such like walls, columns etc.

● Operations: represent required steps of the process at
the second level of granularity.

● Activities: represent required steps of the operation at
the third level of granularity.
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The necessary information about the building components 
(such as classification, quantities and dependencies) is 
extracted from the Building Information Model (BIM). 
Information about processes and resources is captured by 
reference to appropriate process patterns. These sources 
of information are used when initializing agents and 
populating attributes. In a later step, the required LCA-
datasets are queried from a suitable LCA database as a 
CSV file. 
System Dynamics modules are created by combining 
stock-flow structures and effect-causal loops diagrams. 
Causal-effect loops are located within the operation 
agents and consists of reinforcing and balancing loops. A 
reasonable delay in each loop is considered in the 
simulation model and its value is represented as a 
probability distribution using practical experience or 
literature sources. Examples of the considered dynamic 
factors in SD Model include overtime and error-related 
rework. Figure 3 shows schematically the simulation 
framework planned in the presented methodology. 
Figure 4 shows the Error Detection and Rework Loop 
built in the simulation Software Anylogic. Errors in 
construction tasks are often inevitable because of 
unreliable workflow in an uncertain environment 

(Alzraiee et al., 2015; SangHyun Lee, 2006). Errors lead 
to rework that consumes more resources than expected, so 
the environmental impact also increases significantly. 
However, errors and rework are often overlooked in 
previous studies on environmental impact assessment. 
The rework cycle is affected by the workforce level, 
productivity, and quality of the performed work. While 
undiscovered errors are inherently unobservable, the final 
stages of a project tend to see a big increase in rework 
discovery. Indeed, crews are aware of their mistakes when 
the work comes near the end, so the time of error 
discovery depends on the completion rate. It is very much 
like finally putting the pieces of a puzzle together. At the 
end, it becomes quite obvious which pieces are missing or 
have the wrong shape. 
The suggested rework cycle includes four typical loops 
that result from management policy. The first loop R1 
shows the causal-effect relationship between schedule 
pressure and work with errors. High schedule pressure 
increases error rate and flawed work. Consequently, the 
remaining work or initial scope increases. This adversely 
impacts and increases the schedule pressure again. The 
second loop B1 shows that if the management policies 
increase the productivity rate, the work remaining will 
decrease. The arrow link with minus symbol connecting 

Figure 3: the structure of the process patterns with an example 
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node Worked_Without_Error and node Work_Remaining 
has negative polarity (minus symbol) indicating that if 
node Worked_Without_Error increases, node 
Work_Remaining decreases. The third loop R2 shows the 
fact that the errors are usually detected when the project 
nears completion. The fourth loop R3 indicates that the 
increase in work rate could increase the errors, and hence 
increase the work remaining and schedule pressure. 
Case study 
To test the applicability of the proposed hybrid simulation 
methodology for assessing the environmental impacts of 
the construction phase, a simple process scenario is 
introduced. 
The described simulation environment is implemented in 
the AnyLogic software. Interfaces to various necessary 
data, such as the process patterns, are carried out through 
the SQL interface. Other data, such as LCA data sets or 
the construction quantities, are prepared in CSV format 
and imported into the AnyLogic environment. 
In the case study, the construction phase of the shell 
structure of a virtual building is selected to apply the 
proposed methodology. The building has a reinforced 
concrete frame structure that is constructed using the in-
situ concrete method. 
The project delivery method is design-bid-build. The 
planners select the primary building materials in advance, 
while the construction companies select the auxiliary 
materials based on their construction method. 
Construction companies and their contractors are 
responsible for transporting materials to the construction 
site and carrying out construction work on site. 
Construction works cause environmental impacts through 

the use of equipment and vehicles, consumption and 
waste of materials. 
The range of environmental sources of influence lies 
within the decision-making area of construction 
companies, for example when selecting vehicles, 
equipment, machines and building materials during the 
construction phase. 
Therefore, the scope of simulation in this case study 
includes the associated material supply chains and on-site 
construction operations. 
All necessary data on resource consumption and 
greenhouse gas emissions are obtained from available 
construction standards and open LCA datasets or 
international studies. 
According to the simulation framework shown in Figure 
5, the simulation model is designed in three steps. First, 
the construction phase of the building is decomposed into 
units, including product units and process units. Secondly, 
product units and process units are analyzed to select 
corresponding process patterns. Third, agents are 
established and enriched by embedding SD models. 
In this case, the building consists of two product units. 
These are vertical elements such as columns and walls and 
horizontal elements such as floors and beams. 
Process entities represent the cast-in-place concrete 
method, which is applied to produce product entities of 
the building shell structure. There are two process entities 
to produce vertical and horizontal product entities. Each 
process entity includes three main construction 
operations: reinforcement, formwork, and concrete. Each 
operation contains several activities which utilize 
different resources. An operation can be carried out by 

Figure 4: Schematic representation of the planned methodology 

Figure 4: The implemented Error detection and rework feedback loops in AnyLogic. 
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different methods. For example, several formwork 
options can be used to produce one type of concrete 
structure. When it comes to reinforcement work, 
reinforcing bars can be processed in the factory or on 
construction sites. 
Depending on the variants selected, modelers can query 
the process pattern database to identify the specific 
activities of each process. In addition, the corresponding 
resources of these activities are determined based on the 
process pattern. 
The abstracted simulation elements of the construction 
phase are shown in Table 1. For example, building 
components are defined as product units. Construction-
related equipment and building materials that have a 
direct or indirect impact on the environment are defined 
as renewable or non-renewable resources. 

Table 1: Included Concepts in the simulation model. 

Real world Simulated world 
Building components Product agents 

Construction operations Operation agents 
Construction material Resource agents (non-renewable) 
Equipment, workforce Resource agents (renewable) 
Causal-effect relations Causal-effect loops

Using the proposed simulation model, four scenarios are 
analyzed to quantify the impact of implemented methods 
on the environmental performance of the construction 
phase. The scenarios take into account push or pull 
controlled processes as well as different resources for the 
planned construction. 

The greenhouse gas emissions (expressed as carbon 
dioxide equivalents CO2eq) of the four scenarios using 
the simulation are shown in Table 2. By applying pull-
driven processes, scenarios two and four can significantly 
reduce emissions compared to scenarios one and three. 

Using the ABS simulation without the SD models shows 
lower greenhouse gas emissions results than the ABS-SD 
simulation. Understandably, the ABS-SD model assumes 
that error and rework lead to a higher material 
consumption, so the greenhouse gas value should be 
higher than the ABS model results. In addition, the ABS-
SD model takes into account overtime during night shifts, 
requiring vehicles, machines and crews to work in 
uncomfortable conditions, resulting in longer working 
hours and higher energy consumption. 
The SD components take schedule pressure loops and 
rework loops into account in the construction processes. 
These loops are needed to capture the realistic behaviour 
of the construction processes. By effectively applying 
lean methods to reduce waste in the processes, the effect 
of these loops will be reduced, and the results of the 
hybrid ABS-SD simulation will, in the best case, be 
identical to those of the ABS simulation. 
Notably, material consumption contributed the highest 
CO2 equivalent (61%-64%) among all construction phase 
impact resources. This result is consistent with results 
from previous studies that found that materials account for 
approximately 60–80% of the CO2eq ratio depending on 
the construction type (Feng et al., 2018; Y. Wang et al., 
2017). 

Table 2:Simulation results for one typical story. 

Scenario CO2-eq (kg) 
ABS-SD 

CO2-eq (kg) 
ABS 

1 34.809 29.239
2 31.055 29.107
3 33.633 28.124
4 29.589 27.978

Conclusions 
The proposed methodology in this paper helps to assess 
the environmental impact of the construction site and 
contributes to improve the processes on future 
construction sites from an environmental perspective. It 

Figure 5: Schematic representation of the planned methodology 
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does not consider only the technical aspect such as the 
choice of the construction method but also the dynamic 
changes to the processes. Direct performance 
measurement on the construction site seems to be difficult 
because it requires precise documentation of many factors 
in real-time, which needs a lot of effort and is not 
justifiable for the construction companies. This makes the 
target-performance comparison almost impossible. In any 
case, the proposed simulation-based methodology in the 
execution planning phase offers a pragmatic solution in 
this context. 
Future development efforts are needed regarding the 
definition of new patterns for different construction 
processes and the developing of simulation templates to 
simplify future use.  
The method can also be extended to consider not only the 
environmental aspect, but also economic and social 
aspects, which are essential components of sustainable 
construction. 
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Abstract 

At the design phase, designers must investigate what 
design solution represents the best trade-off among a set 
of simulated fire scenarios. This choice requires a 
quantitative assessment, embracing the concept of 
performance-based design. This task can be facilitated 
using key performance indicators (KPIs). A KPI assessing 
life safety in the event of a fire is tested in this paper. Also, 
a framework to facilitate the mapping of KPI values 
through a graphical visualisation superimposed on the 
BIM model will be showcased. As a results, the life safety 
performance assessment is performed at any points of the 
building layout. 

Introduction 
The process of fire safety design of buildings entails the 
assessment of a variety of fire scenarios chosen among the 
most severe events that could reasonably occur. Out of all 
the solutions assessed in the various fire scenarios, that 
one which represents the best trade-off for the specific 
case will be selected. To this purpose, the adoption of 
quantitative assessment of the effects of fire on life safety 
related to the assumed design solutions would help make 
a grounded, non-personal decision. Quantitative 
assessment is permissible within the performance-based 
approach. This paper adopts this approach and tries to go 
even beyond the current concept of this method, which 
usually assumes that one scenario at a time is evaluated. 
Indeed, individual design solutions are evaluated in terms 
of whether or not they exceed performance thresholds, 
i.e., the quantitative translation of fire safety objectives.
Whereas the approach proposed in this paper wishes to
supply the designer with a quick and easy to handle
method for choosing the best design solution for the
specific case under scrutiny. The safety for occupants will
be assessed at every point in the building. To this purpose,
the building plan was discretized by creating a square
mesh grid. This approach facilitates the comparison
among alternative design solutions by making a spatial
evaluation of life safety performances in case of fire. In
order to make this process effective, one or more KPIs
could be identified, not only to check whether a solution
meets required design specifications, but also provides
feedback about the tested design solution.
Therefore, the aim of this paper is to develop a
framework, compatible with a BIM environment, capable
of implementing performance-based procedures to assess
the degree to which fire safety objectives are being met,

in terms of life safety of occupants, through the use of a 
KPI. The KPI, in addition to assessing any design 
solutions, must supply a clear and immediate 
representation of safety conditions levels for occupants. 
Technically, a graphical display of the KPI has been 
worked out, taking advantage of the BIM-based design 
environment. Thanks to the approach proposed in this 
paper, not only do we display the results of simulations in 
the BIM environment, rather ASET and RSET values are 
combined and processed to check the positions where the 
KPI fails to be verified. It suggests what areas in a 
building are critical and what countermeasures can be 
adopted to improve life safety in the event of a fire. This 
approach enables a building-wide assessment and allows 
designers to compare an increasing number of design 
solutions until reaching a decision about the best one for 
the type of building under consideration. An analysis of 
the overall framework and workflow is performed to 
leverage the BIM environment as the preferred 
collaborative environment.  

Literature review 
Fire engineering has undergone significant innovations in 
the latest years, even introducing performance-based 
approaches. These approaches have proven particularly 
effective for those scenarios where traditional prescriptive 
design techniques are not sensibly applicable. Specifically 
in complex buildings and in buildings that combine 
different uses, fire safety engineering (FSE) may be the 
only practical way to achieve a satisfactory standard of 
fire safety (Fire Protection Association, 2008). Fire 
engineering has played a pivotal role in liberating building 
design, allowing for greater architectural flexibility while 
maintaining high levels of safety (Wilkinson et al., 2013). 
The safety of occupants in case of fire in buildings is one 
of the most crucial aspects of FSE (Kong et al., 2013). 
This is complex due to the high complexity of fire 
dynamics and the variability of human behaviour. As 
reported in the Italian fire regulation (D.M. 03/08/2015, 
2015), the criteria underlying the performance-based 
approach for assessing life safety is ASET > RSET, that 
is occupants can feel safe if the time available to a safe 
escape (ASET) is greater than the time required to a safe 
escape (RSET). The difference between the two values is 
called ‘safety margin’. However, this concept has never 
evolved over time and has not adapted to developments in 
numerical evaluations (Schröder et al., 2020). Thus, 
mainly macroscopic assessments have been provided, 
evaluating only selected points in the building, and 
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lacking a comprehensive view of the safety of occupants. 
Some methods for a more specific assessment have been 
proposed. For example, a system proposes expressing 
tenability conditions and egress accessibility of areas of 
the building (Poon, 2014). This introduces the concept of 
available safe utility time (ASUT) that must be longer 
than the required safe utility time (RSUT), where ASUT 
represents the time whereby an area is safe to use and 
RSUT indicates the time for the last person to safely use 
the area for egress. Another approach evaluates the safety 
level of egress routes and compartments (Mirahadi et al., 
2019). It showed blocked routes, determined the safest 
egress route from each compartment, and identified 
critical fire initiation locations. In addition, for an even 
increasing number of details, a visual representation to 
depict safety conditions across the entire space was 
introduced  (Schröder et al., 2020). Contrary to earlier 
evaluations focused on particular areas, this methodology 
measured safety thresholds comprehensively. 
Consequently, they produced maps concerning ASET and 
RSET, and the difference map was derived by subtracting 
RSET from ASET, effectively displaying the safety 
margin in the illustrative case of one room. The process 
of establishing ASET and RSET at each discrete point on 
the maps aim to move beyond macroscopic representation 
in favour of a dynamic approach supported by advanced 
simulation models. 
Another critical aspect in the application of FSE concerns 
the definition of fire scenarios and the choice of design 
fire scenarios for building structures (Del Prete et al., 
2016). The number of possible fire scenarios is typically 
huge and can hardly be analysed singularly. Therefore, it 
becomes critical that those design fire scenarios that best 
represent the most severe cases for the structure are 
chosen. The US fire regulations NFPA 101 (National Fire 
Protection Association, 2017) provide us with eight 
predefined starting design fire scenarios on which to set 
specific scenarios for different activities. Scenarios 
selected as design fire scenarios should include but not be 
limited to those eight predefined. However, they are an 
excellent starting point on which to develop multiple 
scenarios for the specific activities. 
The performance approach can be facilitated by BIM’s 
ability to generate and return structured information. Fire 
safety engineers have been slower to adopt BIM as 
compared to other disciplines (Malagnino et al., 2022). 
Several research focus on the integration of BIM and fire 
prevention simulation tools (Wang et al., 2015; Sun and 
Turkan, 2020). The great limitation of one-way exchange 
between BIM and FSE tools was also identified. An 
example to overcome this limitation concerns the 
development of an open-source framework called 
‘Evac4BIM’ to facilitate two-way data exchange, with a 
specific focus on fire evacuation (Yakhou et al., 2023). 
The authors yield the results of numerical evaluations 
available in the BIM environment which become 
accessible to all stakeholders but no graphical 
representation of the results covering every point of the 
building was provided in return. 

Research questions 

This paper suggests a methodology and develops tools to 
answer the following research questions (RQs): 

1. can a BIM-based framework assessing fire safety
performances of buildings, in terms of life safety
for occupants, be defined and implemented to
support the designer during the design phase?

2. can a KPI be defined to assess the safety
conditions of occupants and to gives back a clear
and immediate visualization in a BIM
environment?

Materials and methods 
In order to answer the research questions formulated in 
the previous section, a framework to support the 
designer’s choices during the assessments of life safety in 
case of fire emergencies was developed. This evaluation 
was meant to overcome the current approach based on 
calculating ASET and RSET only at a limited number of 
locations in a building and working out results that do not 
represent the consequences of the fire on occupants. 
Indeed, the current numerical evaluations can tell us 
whether occupants were able to exit the building or were 
entrapped, but it does not tell us where in the building they 
may have been hampered by the effects of fire. Thanks to 
the approach proposed in this paper, we want to assess the 
safety of the occupants at all points of the building, 
discretizing the entire area using a grid. In this way, it will 
be possible to visualise the points where the occupants 
may be subject to the effects of fire and the areas that are 
most dangerous for every different design scenario. 

The project workflow for each design fire scenario 

A representation of the processes that could be carried out 
to handle each design fire scenario is depicted in Figure 1. 

Figure 1 - Conceptual representation of the flow to handle 
design fire scenarios 

By applying all the steps to the design fire scenarios 
identified, it will be possible to compare the different 
design solutions and decide which represent the best 
trade-off. According to the performance-based approach, 
KPI must be identified as a first step (step no. 1). Having 
set life safety as the aim of our work and taking the Italian 
fire regulations (D.M. 03/08/2015) as a reference, the 
safety margin (tsafety), i.e., the difference between ASET 
and RSET, was chosen as the KPI. As reported in 
paragraph M.3.2.2 of the reference regulation (D.M. 
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03/08/2015), this safety margin can either be set as a 
percentage value, e.g., RSET must double ASET, or as a 
predefined time limit. The minimum required threshold in 
the fire regulation is 30 seconds (Eq. 1), which is the 
threshold set in the test case reported in this paper. Hence, 
the KPI was set as: 
ts af e ty  > 30 seconds               (1) 

The BIM model of the building must be available (step 
no. 2). In the application proposed in this paper it was 
created within the authoring software RevitTM. Once the 
design solution has been assumed for the design fire 
scenario under consideration (step no. 3) the required 
information is extracted from the BIM model (step no. 4). 
The latter will be needed as input to simulation tools (step 
no. 5). Two different simulation software tools were used 
for this step. The execution of fire simulations was 
entrusted to the software FDS (fire dynamics simulator). 
It is a field model, i.e., it divides the environment into 
elementary volumes, calculating and outputting data for 
interested variables in each volume. In the input list for 
FDS, in addition to geometry and fireplace, even the 
positions and quantities of the slices are specified as 
output, because they are necessary for the graphical 
visualisation of results. The use of this software becomes 
relevant to our method, as long as the building’s space 
must be discretized to assess the safety of the occupants 
at every location. Then, the Jülich Pedestrian Simulator 
(JuPedSim) was used to conduct evacuation simulations. 
It represents an extensible framework designed for the 
simulation and analysis of pedestrian movement at the 
microscopic level (Kemloh Wagoum et al., 2015). Again, 
the simulation environment was discretized to assess the 
passage of occupants across every cell of the grid. In order 
to read the results of the simulations clearly and 
immediately, three Python scripts have been implemented 
to obtain a visual representation of them (step no. 6). In 
practice, maps will be produced containing the ASET and 
RSET evaluated at each point of the building and, as a 
result, the safety margin map, i.e., the aforementioned 
KPI, can be obtained. The maps created are imported into 
the BIM model of the building to visualise directly within 
it (step no. 7). At this point, the KPI must be evaluated by 
the designer (step no. 8). If the KPI is verified and, 
therefore, the threshold is not exceeded, the proposed 
solution can be considered and compared with other ones. 
Otherwise, the designer is required to investigate other 
solutions on the considered design fire scenario. In this 
way, the designer can assess the effect of different design 
solutions on a design fire scenario quantitatively and 
efficiently. 

Extraction of information 

Structured information needed to carry out evaluations 
can be extracted from the BIM model of the building. In 
particular, it is possible to automatically create the input 
list for the simulation software tools. Having implemented 
the building model in RevitTM, DynamoTM was chosen as 
the tool for data export. In addition, DynamoTM was used 

to read the geometry of a building, to create a mesh of the 
building area composed of quadrilateral finite elements 
characterized by a predefined parametric value, and to 
export the list of mesh points along with their coordinates 
automatically. In the case study reported in this paper, a 
mesh element size, to create the maps, as big as 0.50 x 
0.50 m was used. This size of the mesh was considered 
accurate enough to represent the path followed by people 
and the spread of fire. The authors’ opinion is that a 
smaller mesh size would not add relevant information 
about hazardous areas in the building. 

Return of maps 

In order to provide a clear and immediate visualisation of 
the results of the occupants’ life safety assessment, maps 
have been implemented. For this, we have taken into 
consideration what was proposed by Schröder et al., 2020. 
The authors proposed using the Python programming 
language to create ASET, RSET and difference maps by 
importing the results of fire and evacuation simulations 
into scripts. The Python scripts implemented in our paper 
are an adaptation of those ones made available by 
Schröder et al., 2020. 
ASET maps were worked out for two environmental 
parameters: the temperature room and the light extinction 
coefficient. The thresholds for these parameters are 45°C 
for the temperature field and 0.23 m-1 for the light 
extinction coefficient field, assessed at the height of 2 
metres above the floor level (Zehfuβ, 2020). The script to 
obtain the ASET map converts the slices given as output 
by the FDS simulation as an ASCII file. The geometry of 
a building, the mesh size, and the colour scale of the maps 
are the other input data needed. The resulting ASET map 
is produced in both ‘png’ and ‘txt’ formats. RSET maps 
were worked out according to the trajectories of the 
occupants. In our case, ten different trajectories for each 
hypothesised design solution were assumed for the 
occupants, arranging them randomly. The script to realise 
the RSET map is divided into two parts. The first part 
processes the results of the imported occupant trajectories. 
These are contained within an ‘xml’ format file processed 
from the ‘txt’ format file provided by the evacuation 
simulator. The second part of the script creates the global 
RSET map, interpolating the worst cases from all the 
earlier ones. The input set consists of the building 
geometry, the mesh size, and the map colour scale. The 
output is the RSET map in ‘png’ and ‘txt’ formats. Once 
the final ASET and RSET maps were created, the 
difference map was completed. The script creates the 
difference map, which is the map including safety margin 
values, by subtracting the RSET map from the ASET 
map. It accepts ASET and RSET maps in ‘txt’ format as 
inputs, as well as building geometry, mesh size, colour 
scale of the map and produces the difference map in ‘png’ 
and ‘txt’ formats. 

Import of maps into the BIM environment 

Once the maps have been created via Python, these were 
imported into the BIM environment to be assessed by the 
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designer. To conduct this step, a flow was created in 
DynamoTM that imports the text file produced by Python, 
containing the KPI values. In the BIM model, the 
discretization mesh was already created, as shown in the 
section ‘Extraction of information’. A geometric element 
was placed in the centre of each mesh element. Then, a 
new design parameter was created, named ‘Tsafety’ and 
associated with the above element. The text file created 
by Python was converted into Excel and imported into the 
DynamoTM flow. Next, DynamoTM nodes were used to 
transform the excel matrix into a list, so that it could be 
imported as a list node. The values contained within it 
were assigned to the ‘Tsafety’ parameter according to the 
order of the list of elements. At this point, each element 
was assigned a different colour according to the value of 
the parameter. Values below 30 seconds, i.e., the KPI 
threshold (Eq. 1), were coloured red, the others green. 
Some points are left without a numeric value. These have 
been colored white and they indicate that no occupant has 
ever walked through that point. 

Application on a case study 
The feasibility of the proposed framework was assessed 
through the case of a pilot building. It is a building located 
in the campus of the Polytechnic University of Marche 
(Ancona, Italy), which hosts the school of Medicine 
(Figure 2). It is an 8-floor level building, 7 floors above 
ground and 1 basement. The building is used for teaching, 
research, a library, and other services. For the purposes of 
this paper, only the ground floor of the building has been 
considered. 

Figure 2 - 3D model of the pilot building 

Fire and evacuation scenarios 

Fire scenarios represent the most severe but realistic 
events that can occur while performing activities allowed 
in the building. These can be very numerous, especially in 
complex buildings. For the purpose of this paper, the 
default scenarios contained in the US fire regulations were 
considered. In fact, NFPA 101 covers a wide range of 
situations and defines fire scenario in Chapter 5.5.3. The 
latter provides us with eight starting scenarios on which 
to develop the most appropriate scenarios based on the 
specific case. In particular, two out of the eight predefined 
scenarios listed in NFPA 101 were analysed, namely: 

 scenario no. 2, which describes a fire that
develops through the burning of a material
having an ultrafast growth curve, located along

any major egress route. The interior doors at the 
beginning of the fire are supposed to be open. 
This scenario must address the simulation of the 
fire paying particular concern to people’s egress 
problems. In fact, due to the hypothetical fire 
having a rapid spread, special attention should be 
paid to reducing the number of available egress 
routes, evaluating the availability and 
effectiveness of alternative egress systems and 
the consequences of the fire on the assets;  

 scenario no. 6, involves an intense fire as a
consequence of the highest possible fire load in
normal operations in the building. It refers to the
rapid growth in the presence of people.

In fact, designers are expected to test and compare several 
fire scenarios. They usually assume a first design solution 
and investigate the obtained performances. Then, changes 
could be made to the first solution to improve it and new 
investigations are performed until the verification process 
is concluded. In this paper, two scenarios have been 
assumed as relevant, each split into three subsets.   
Referring to the scenario no. 2 of the NFPA 101 described 
above, the fire hearth was positioned along the corridor as 
this is the main escape route. The corridor serves offices, 
the library, the cafeteria and seven classrooms for a total 
capacity of 1040 occupants. The occupants inside the 
seven classrooms have also emergency exits directly into 
the classrooms. This set of scenarios is called ‘scenario 
LS1’. Taking into consideration the scenario no. 3 of the 
NFPA 101, the fireplace was positioned inside the library. 
This set of scenarios is called ‘scenario LS2’. In Figure 3 
the fire compartment and the library are marked in green 
and blue, respectively. Each fire scenario was combined 
with ten different occupant evacuation trajectories.  

Figure 3 - Ground floor of the pilot building 

Scenario LS1 

For this first scenario, three alternatives were analysed. In 
the first case, called ‘LS1_1 scenario’, two emergency 
exits were placed along the corridor for the safe exit of the 
occupants. From the fire simulation, the values of the 
environmental parameters specified in the input list are 
obtained. In addition, it is possible to display them 
graphically with the set slices. An example is provided in 
Figure 4, displaying a slice taken from the FDS tool called 
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‘Smokeview’, concerning the light extinction coefficient 
reached at the end of the simulation (300 seconds) for the 
‘LS1_1 scenario’.  

Figure 4 - Slices generated by FDS about light extinction 
coefficient for the ‘LS1_1 scenario’ 

Regarding the evacuation simulation, the times required 
by the occupants are shown in Table 1 for the ten different 
trajectories (denoted by the term ‘Seed_ID’ from the 
number 1254 to 1263). In the second alternative (‘LS1_2 
scenario’), two emergency exits were added along the 
corridor. The effects of the fire remain the same as in the 
‘LS1_1 scenario’, while the times required by the 
occupants change and are shown in Table 1. In the last 
alternative ‘LS1_3 scenario’, two more doors were added 
along the corridor for a total of six emergency exits. 
Again, only the RSET values change (Table 1).  

Table 1 - Required safe escape time as a result of the JuPedSim 
simulation 

Required safe escape time [s] 
Seed_ID LS1_1 LS1_2 LS1_3 LS2_1 LS2_2 LS2_3 

1254 67.88 67.13 67.13 67.13 65.50 65.50 
1255 67.63 66.50 66.50 66.50 66.62 66.62 
1256 69.25 67.38 67.38 67.38 67.38 67.38 
1257 68.50 68.50 68.54 68.54 68.54 68.54 
1258 70.50 68.75 68.80 68.80 68.75 68.75 
1259 67.38 69.00 69.00 69.00 69.00 69.00 
1260 69.38 66.88 66.91 66.91 66.90 66.90 
1261 68.50 68.75 68.87 68.87 68.87 68.87 
1262 68.25 68.25 68.30 68.30 68.30 68.30 
1263 64.63 65.63 65.72 65.72 65.73 65.73 

Scenario LS2 

In the ‘LS2 scenario’, the fire was placed inside the 
library, where the greatest fire load is expected. A first 
analysis assumed 38 occupants inside the library, which 
is divided into a reading room and the book depository 
(‘LS2_1 scenario’). Also in this case, ten different 
simulations were conducted for the trajectories of the 
occupants and the times are shown in Table 1. 
Subsequently, an increase in the number of occupants, 
from 38 to 88, within the library and the elimination of 
subdivisions was assumed. This scenario was called 
‘LS2_2’. In this case, the fire simulation was run again 
because the building layout was changed and, as a result, 

the fire will spread differently. The third alternative 
(‘LS2_3 scenario’) differs from ‘scenario LS2_2’ only in 
that a library wall is replaced by a glass wall. The RSET 
values are contained in Table 1, but they are the same as 
in the ‘LS2_2 scenario’, while the fire simulation is re-
run. 

Maps generation 
Once the simulations for the fire and evacuation have been 
carried out, the results are imported into the scripts 
developed with Python. The latter gives as output the 
graphical representations of the results in the form of a 
map. In particular, the values of ASET, RSET and the 
differences between the two are calculated. In this way, 
we can get a graphical representation of the safety margin, 
i.e., our KPI.

Scenario LS1 

The ASET maps obtained for temperature and light 
extinction coefficient are shown in Figure 5-a and Figure 
5-b, respectively. Two maps are shown because there are
two environmental parameters to be assessed. The final
ASET map is the one with the highest risk, i.e., with the
least available time. The RSET map, on the other hand,
can be seen in Figure 5-c. Finally, Figure 5-d shows the
difference map obtained by subtracting RSET values from
ASET values. In this map, therefore, the KPI is shown.
When the value falls below the threshold of 30 seconds
(Eq. 1) indicates that the point is not safe for the
occupants. For the second and the third alternative of the
‘LS1 scenario’, since the position of the fire hearth and
the layout of the building remain unchanged, the maps of
ASET will be the same as those already shown in Figure
5-a and Figure 5-b. The new RSET maps have been
produced and, as a result, difference maps were shown in 
Figure 6-a for the ‘LS1_2 scenario’ and Figure 6-b for the 
‘LS1_3 scenario’. 

Scenario LS2 

For the ‘LS2 scenario’, the difference maps are shown 
directly in Figure 7-a (scenario LS2_1), Figure 7-b 
(scenario LS2_2) and Figure 7-c (scenario LS2_3). 

Visualization of maps in a BIM environment 
Once the maps have been created via Python, these were 
imported into the BIM environment for a seamless 
evaluation by designers. To conduct this process, the 
DynamoTM script created as described in ‘Import of maps 
into the BIM environment’ section was used. In this way, 
the designer can visualise the results directly within the 
BIM model and all stakeholders can collaborate in one 
environment. Even those who are not familiar with fire 
simulation tools can visualise simulation results in the 
BIM environment. For the sake of clarity, the RevitTM 
screenshots including the imported difference maps were 
shown in the following. For representative purposes, only 
the maps imported into RevitTM relating to the ‘LS1_1 
scenario’ in Figure 8-a, ‘LS1_2 scenario’ in Figure 8-b 
and ‘LS1_3 scenario’ in Figure 8-c have been shown. 
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(a) (b) 

(c) (d) 

Figure 5 - ASET, RSET and difference maps for the 'LS1_1 scenario' (output of Python) 
(a) (b) 

Figure 6 - Difference maps for the ‘LS1_2 scenario’ and ‘LS1_3 scenario’ (output of Python) 

(a) (b) 

(c) 

Figure 7 - Difference maps for the ‘LS2 scenario’ (output of Python) 
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The pictures show the geometric elements inserted in the 
centre of each grid mesh. These take on a green colour 
when the value of the imported KPI associated with the 
‘Tsafety’ parameter is greater than 30 seconds. The red 
colour corresponds to a KPI of less than 30 seconds. When 
no value is associated with the parameter, it means that no 
occupant has passed through that grid mesh, so there is no 
RSET value and, so, no safety margin can be calculated. 
For this reason, these points have been left white. 
As a result, RevitTM was able to integrate the KPI 
information and display the points where safety 
conditions could not be verified.  

Discussion 
Thanks to the results reported in the earlier section, it can 
be seen that the methodology introduced gives us a clear 
and immediate view of the KPI values and, therefore, of 
the level of safety of the occupants inside the building in 
case of fire. Concerning the ‘LS1 scenario’, two 
emergency exits are not sufficient for a safe escape of the 
occupants. Indeed, in Figure 8-a includes forty-six points 
are coloured in red along the corridor. This means that the 
KPI threshold has been exceeded at those points and the 
occupants passing through that area are not safe. 
Consequently, the designer could think of adding two 
emergency exits along that corridor. The result is depicted 
in Figure 8-b and shows that conditions have been 
improved, despite twenty-three points close to the fire 
hearth still remained below the required safety level. To 
overcome this problem, the designer could choose to add 
two additional emergency exits, for a total of six.  Figure 
8-c shows that the life safety level has increased further,
even if some but smaller areas are still unsafe, due to the
position of the exits close to the fire hearth, and eighteen
points are still red-coloured. This gives a hint to the

designer about the number of emergency exits required 
and their location for a safe escape of the occupants. 
Comparing Figures 5-d, 6-a, and 6-b with Figures 8-a, 8-
b, and 8-c, respectively, we can see the correspondence 
between the maps obtained through Python and the 
representation obtained once the maps are imported into 
the BIM model.  
In the ‘LS2 scenario’, on the other hand, the maps 
obtained with Python show that the safety conditions are 
maintained even when increasing from 38 occupants 
inside the library (Figure 7-a), where only one point is 
unsafe, to 88 occupants (Figure 7-b), while leaving the 
number of exits unchanged. In the third hypothesis 
(Figure 7-c) where a glass wall is inserted, four unsafe 
points are seen close to the fire hearth, but there is no glass 
breakage due to the thermal action of the fire. This shows 
the designer that the fire that occurs inside the library does 
not spread rapidly along the escape routes. In the same 
way as the ‘LS1 scenario’, the maps imported into the 
BIM model were also obtained for the ‘LS2 scenario’. 
Thanks to the visualisation of the maps directly in the 
BIM model, a single working environment is created 
where even non-experts in fire simulation software can 
visualise the results clearly and immediately. In addition, 
the designer can compare different design solutions for 
each design fire scenario based on quantitative results 
(KPI values) that refer to the entire building. Thus, the 
safety of the occupants is assessed at every point, 
visualising the points and areas with critical conditions for 
them. The latter occurs when the KPI threshold is 
exceeded, that is in case the consequences of combustion 
result in environmental conditions that reduce the time 
available for occupants to get to a safe place. 

Figure 8 - Difference map for the fire compartment for the ‘LS1_scenario’ once it has been imported into RevitTM 
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Conclusions
In this paper, an approach has been proposed for assessing
occupant safety in case of fire during the building design
phase. This approach aims to go beyond the current
concept of ASET/RSET evaluated only at specific points.
Furthermore, current assessments do not supply insights
into the zones or points where conditions become critical
for occupants but instead offer a global evaluation of the
safety of evacuation routes. The graphical visualisation of
the KPI, in the form of maps, enables designers to
immediately pinpoint those locations in the building that
are critical for the occupants. This assessment was carried
out by spatially discretizing the entire building, thus
considering every point in the layout. Furthermore, thanks
to the visualisation approach, the designer can
quantitatively assess the assumed design solutions over
numerous design fire scenarios. The KPI initially chosen
to monitor fire safety objectives was mapped inside a BIM
environment, importing maps created through Python.
The KPI enriches the design model, and the entire method
provides support to the designer when looking for the best
trade-off, which is meant to implement the approach of
performance-based design. In this way, the designer’s
decisions can be made quickly in a complex environment
and a single collaboration environment can be created by
importing the results of fire assessments directly into the
BIM environment. One possible recommendation for
future research involves identifying additional KPIs
related to the other domains of FSE, such as structural
safety. Another interesting aspect would be to implement
the whole procedure within an open software and
computing environment.
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Abstract 

Accurate cost estimation is an essential factor in the 
success of any construction project. Based on previous 
work, this study aims to use the IFC data model to support 
cost estimation processes and reduce human error. 
Through a code, developed in IfcOpenShell, a cost 
estimation has been made in IFC associating the new 
IfcCostItems with the IFC 3D model objects. The study 
was validated by applying the methodology to a real case 
of a structural model and defining a cost schedule for the 
structural project. Ultimately, this study seeks to support, 
verify, and improve public tenders quality of cost 
estimates. 

Introduction 
Accurate cost estimation is a crucial factor for any 
construction project's success. In the Architecture, 
Engineering, and Construction (AEC) industry, this task 
demands a high degree of accuracy and attention to detail. 
Without proper cost estimation, projects can easily exceed 
the budget, leading to delays, reduced profit margins, and 
ultimately project failure.  
The construction process is characterized by its dynamic, 
complex, and time-consuming nature. Within the AEC 
industry, effective collaboration among all stakeholders is 
essential for sharing diverse information generated 
throughout the construction phase. This information 
includes quantities of physical building components, 
schedule plans, resource consumption, costs, site layout, 
safety management, and quality evaluation (Adeli et al., 
2001). Cost estimation is a key task involving calculating 
quantities, and project costs, and classifying essential 
products within a construction project. Cost estimation is 
commonly defined as the process of predicting project 
costs at the operational level, based on detailed design 
drawings/documents and specific construction 
methods/specifications. Construction cost estimation is 
typically carried out separately by construction 
professionals due to the lack of a well-developed 
integrated system for both activities (Liu et al., 2014). 
Despite the existence of advanced technologies for 
quantitative take-off (QTO), scheduling, and costing, a 
significant gap remains in seamlessly integrating these 
activities into a cohesive system. The potential solution 
lies in a system founded on modeling technologies 
associated with scheduling and economic management, 

promising automatic and effective integration (Lu et al., 
2016). 
In the AEC industry, the standard format for information 
exchange is the Industry Foundation Classes (IFC), an 
open international standard developed by 
BuildingSMART. 
Therefore, to support, verify, and improve the quality of 
cost estimates, in public tendering, and reduce human 
error-prone, this paper studies how to develop a cost 
estimation based on IFC.  
IFC provides some entities to represent information in 
building management, including IfcCostSchedule (cost 
planning), IfcCostItem (unit cost estimation item), and 
IfcCostValue (value).  
A cost estimation (IfcCostSchedule) for a structural 
project has been created including all cost classes 
(IfcCostItem) needed to define a correct estimate of costs. 
The IfcCostItems are linked to the 3D model’s geometric 
objects to determine the quantity of individual works. 
They are also associated with unitary items in the public 
works price list (in this specific case of the Lombardy 
Region’s Price List), to establish the unit cost values. The 
price list items are characterized by a new architecture 
based on IFC that contains a set of attributes in which 
information can be instantiated and created. This new 
architecture of cost items was validated in a previous 
study by the same research team (Cassandro, et al., 2023). 
Furthermore, the study carried out seeks to analyse, 
evaluate, and use the IFC data model to support the 
economic analysis processes of the projects.  
The paper is structured as follows. Firstly, it presents an 
analysis of the existing literature on cost estimation, 
including the use of IFC classes, and the IFC standard 
with a specific focus on the IfcCostItem and 
IfcCostSchedule entities (attributes and relations). 
Currently, no BIM authoring software can write this 
entity, so it was decided to use the IfcOpenShell library to 
create the entity and the cost estimation through code. The 
final step included the validation of the data model 
generated through IFC viewer/reader, the analysis of the 
results, the limitations of the study, and future 
developments. 

Literature Review 

Cost Estimation Process in Construction 

The process of cost estimation involves using available 
information to estimate the total cost of construction work 
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activities of the project (Ji et al., 2019). Estimating the 
cost of the project plays a key role in the success of a 
construction project (Ji et al., 2019), (Jrade & Alkass, 
2007). This involves assessing and predicting total costs 
over a specified period, incorporating all available project 
information and resources (A. Kwakye, 1994). Initial 
estimates, with an accuracy of -30% to +50%, are refined 
at the budget and conceptual level (-15% to +30%) and 
ultimately at the definitive level (-5% to +15%) (Rast & 
Peterson, 1999). Cost estimation serves the purpose of 
providing decision-making information (Carr, 1989).  
However, despite the availability of advanced 
technologies, construction contractors still rely on 
conventional methods, leading to potential inaccuracies 
due to factors such as insufficient time and poor tender 
documentation (Famiyeh et al., 2017).  
A cost estimation document contains all work items with 
a short description, estimated quantities, the unit cost of 
the repair work, the total cost of each item, and then 
summing all the items, the total project cost. However, 
other methods are also developed for estimating 
construction costs. These include expert systems, artificial 
neural networks, case-based reasoning, fuzzy logic 
systems, simulations, statistical regression approaches, 
decision trees, radial basis function neural networks, and 
particle swarm optimization (Tayefeh Hashemi et al., 
2020). 

Cost Estimation Process through IFC 

Several studies have explored the applicability of IFC in 
project planning and cost estimation. Froese T et al. 
suggested that IFC can effectively represent information 
related to costs, construction processes, resources, 
products, and project documents (Froese T et al., 1999). 
Ma et al. established a BIM-based Construction Cost 
Estimating (CCE) software framework based on Chinese 
standards (Ma et al., 2010). Zhiliang et al. investigated the 
use of IFC standard for construction cost estimating in 
China, noting the need for extensions in the form of proxy 
elements and property sets (Zhiliang et al., 2011). 
Additionally, Ma et al. discussed key issues for semi-
automatic Tendering of Building Projects (TBP) cost 
estimation using IFC data (Ma et al., 2013). Liao et al. 
proposed a method to develop a collaborative 
construction prototype model on BIM software to 
enhance information-sharing efficiency (Liao et al., 
2014). Xu et al. introduced a philosophic position for 
model-based cost estimation using IFC, emphasizing 
contextual information and pricing extension (Xu et al., 
2013). Xu et al. innovatively used BIM data linked to a 
project to create items for a bill of quantity for cost 
estimation (Xu et al., 2016). 
Other researchers, including Wu et al., Sacks et al., and 
Elghaish et al. explored the potential of BIM to enhance 
cost estimation (Wu et al., 2014), (Sacks et al., 2018), 
(Elghaish et al., 2020). Staub-French et al. and Lee et al. 
investigated the use of semantic web technology in BIM-
based cost estimation (Staub-French et al., 2003), (Lee et 
al., 2013) Fürstenberg, et al. delved into how semantic 

web technology can support automated cost estimation 
linked to IFC property sets (Fürstenberg et al., 2021). 
In the context of cost estimation, current practices often 
involve connecting codes in digital objects to matching 
keys with various price items. This process requires 
different codes for each element generating distinct 
articles (Pavan et al., 2017). 

IFC & Construction Management 

Developed by BuildingSMART, the IFC is an open and 
interoperable standard with a mission to facilitate 
interoperability across different domains in civil 
engineering projects. Its objective is to enable the sharing 
and exchange of project information among various 
computer applications used by different project 
participants. Initially released in 1997, the official 
version, IFC4 ADD2 TC1, became an ISO standard in 
2018 (ISO 16739-1:2018). At the beginning of 2024, the 
new IFC version 4.3 ADD2 - 4.3.2.0 was finally approved 
by ISO and was published in April 2024 becoming the 
basis for IFC software certification. 
Structured in EXPRESS data specification language or 
XML, the IFC standard describes actors, processes, 
controls, resources, and products within the construction 
domain. The IFC data model is organized hierarchically 
into four conceptual layers: Resource layer, Core layer, 
Interoperability layer, and Domain layer. Entities within 
this model can be related to each other and characterized 
by a set of attributes, facilitated by the IfcRelationship 
entity. This allows related information to reside either 
inside or outside the project data. 
The IFC standard plays a crucial role in information 
exchange throughout the project lifecycle in construction 
or building management projects, serving as a prominent 
vendor-neutral data schema in the AEC industry. IFC 
enables the exchange of both geometric and semantic 
information among different stakeholders and software 
(Fürstenberg et al., 2021). 
In the field of construction management, IFC provides 
entities like IfcWorkPlan (schedule planning), IfcTask 
(construction tasks), IfcScheduleTimeControl (task time 
information), IfcCostSchedule (cost planning), 
IfcCostItem (unit items of cost estimation), and 
IfcResource (construction resources such as material, 
product, labor, and equipment resources). 

Methodology 
This research aims to define a new method for cost 
estimation using IFC. The method is based on the use of 
entities within the IFC standard and the relationships that 
these can create to develop a cost estimate. Specifically, 
the method used provides for:  
 Definition and structuring of the new architectures of

the unit cost of the construction works, contained in
the Price List of the Lombardy Region, based on what 
was validated in a previous study by the same
research team (Cassandro, et al., 2023);
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 Identification of a case study relating to a structural 
model in IFC format; 

 Development of a code for the implementation of the 
new cost estimate based on the relationship between 
IFC classes; 

 Identification of the measurement criteria of the unit 
cost items useful for the correct quantification of the 
cost items (no manual entry of the quantification 
rules already defined in the price list). 

This methodology will also allow the validation of the 
IFC model obtained to assess the percentage of 
correctness in the association of identified cost items and 
estimated costs. This has already been tested and 
validated in a previous work of the same research group 
(Cassandro, et al., 2023). Figure 1 shows the workflow 
performed in this research. 
 

 
Figure 1: workflow performed in the study 

 

Key Concept 

Cost Estimation 

According to Samphaongoen, cost estimating is essential 
for budgeting and tendering in any construction project 
(Samphaongoen, 2010). It reflects the inherent risks, and 
direct costs of a project (Olatunji et al., 2010). 
The unitary cost of construction works is the sum of the 
unit costs of resources (materials, labor and equipment), 
overheads and profits. This sum is calculated through the 
logic of price analysis and the amount of resources used 
in the price analysis differs for each construction work. 
The cost estimate is obtained by multiplying the unitary 
cost of construction work with corresponding product 
quantities. The sum of the costs for each construction 
work provides the total amount of the cost estimate, as 
shown in equation (1): 

𝐶𝑜𝑠𝑡௜ ൌ  ෍ሺ𝑅௝ ൈ 𝑄௝

௡

௝ୀଵ

ሻ (1) 

Where i denotes the category of construction work, j 
represents the index of the cost item, n is the number of 
cost items, R is the unit price of resources from the Price 
List, and Q represents the quantity for each construction 
work. 
Cost estimation helps stakeholders determine project 
resources and enables better cost and technology analysis 
from the start of the design process. Furthermore, it is 
possible to simplify later phases such as construction and 
operation by clearly defining cost management (Bryde et 
al., 2013). So, anticipating economic management during 
the design phase provides significant advantages for 
project management (Plebankiewicz et al., 2015). 
Generally, the cost estimate can be divided into two 
distinct phases. These are the physical quantities of design 
components (volume of concrete columns), that have 
substantial impacts on the outcome of the cost estimation 
(Monteiro & Poças Martins, 2013), and the process 
quantities that are related to specific construction 
processes (labor hours for concrete casting) (Marzouk et 
al., 2018). The cost estimation cannot be separated from 
the extraction of quantities (Aram et al., 2014), 
(Khosakitchalert et al., 2019). Literature shows that the 
most used process is to connect the code inserted in the 
digital objects as matching keys with various price items 
(Pavan et al., 2017).  
The comparison between the traditional estimating 
process and the 3D BIM-based estimating process is 
visible in Figure 2 (Sacks et al., 2018). 
 

 
Figure 2: Conceptual diagram of an estimating process 

 

BIM technology has had a revolutionary impact on the 
conventional QTO process (Smith, 2016). The use of BIM 
methodology automates and improves QTO processes 
compared to conventional 2D drawings, resulting in 
reduced time and errors (Smith, 2016), (Sacks et al., 
2018). Nowadays some leading software in the field are 
Navisworks, CostX, Innovaya, iTWO, Vico, and so on 
(Abanda et al., 2017).  
However, the accuracy of the output quantities from BIM 
is another major concern (Smith, 2014). The limitations 
of BIM data hinder a smooth QTO. The material 
quantities calculated from BIM authoring software rely 
heavily on the geometry of 3D objects and sometimes may 
not be sufficient for QTO (Azhar, 2011). 
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IfcCostSchedule and IfcCostItem 

An IfcCostSchedule is used to consolidate instances of 
IfcCostItem, for explicit identification of cost information, 
for example in cost estimation of construction projects. 
A Cost Schedule, like all entities in the standard, is also 
described through a set of attributes (Name, Description, 
PredefinedType, Status, etc.). 
IfcCostItem is the entity that represents the cost of 
activities and services, the execution of works through a 
process, life cycle costs, cost estimates, budgets, and other 
financial aspects within the IFC standard. It functions as 
a non-geometric entity and is a subclass of IfcControl. The 
IfcCostItem abstract entity describes a financial cost or 
value, including contextual information, in a format that 
allows its use within a cost schedule. 
IfcCostItem is also described through a set of attributes 
(Name, Description, CostValues, CostQuantities, etc.). 
An IfcCostItem can link one or many IfcCostValue's 
representing a unit cost, total cost, or a unit cost with one 
or many quantities used to generate the total cost. 

Case Study 
The research, to validate the proposed methodology, 
focused on the implementation of a cost estimate based on 
the new IFC cost items and an IFC model of a structural 
project. This model contains 82 objects: 7 IfcSlab, 45 
IfcColumn, 27 IfcWall, and 3 IfcBeam (Figure 3). 

Figure 3: IFC model and the different entities contained 

The developed method was implemented using the 
IFC4_ADD2_TC1 - 4.0.2.1, IfcOpenShell v0.7.0 and 
Python 3.10. 
As a first step, the geometric model was interrogated to 
identify the IFC classes. The lists of geometric objects 
based on IFC classes have been identified (IfcWall, 
IfcSlab, IfcColumn, IfcBeam). Subsequently, these were 
divided into additional sub-lists according to the 
PredefinedType attribute in the model (for example, all 
IfcSlab were divided into BASESLAB and FLOOR). 
After that, each sub-list was divided into additional sub-
lists according to the Object Type of entities. Finally, a 
query of these Object Type lists was performed to analyse 
the entities, verifying the LOADBEARING attribute; this 
allowed to verify if all objects were characterized by 
structural properties (LOADBEARING: True) or by non-

structural properties (LOADBEARING: False). This 
analysis was conducted by questioning the "general" 
PropertySet (Pset) related to each entity, useful for a first 
verification of the structural model. In Figure 4 an 
example regarding an IfcSlab.BASESLAB (GUID 
1VMFjRH1zBGg8s6Mq2oKI5) with Pset_SlabCommon 
and property "LOADBEARING: True”. 

Figure 4: Example of a structural IfcSlab.BASESLAB entity 

At this point, the structural objects identified previously 
were analyzed and through the interrogation of the 
individual entities, it was possible to extract the relative 
quantities (IfcElementQuantity). However as highlighted 
in the literature review chapter, quantification is one of 
the fundamental processes and cannot be based solely on 
the quantities contained in the 3D model. Therefore, 
different measurement rules are needed depending on the 
type of processing that needs to be economically 
quantified. For this reason, the code developed contains 
the measurement rules for the correct quantification of 
cost items according to the type of processing not 
modifiable by the user (the volume of the concrete 
casting, the wet surface for laying the formwork, or the 
weight of the steel for laying the reinforcement bars); in 
the specific case, these rules are in accord with how much 
defined in the list prices of the Lombardy Region.  
At this point, the analysis performed by the code provides 
the first of the two manual inputs that the users have to 
perform. This input is the choice of the construction work 
(concrete casting, laying the formwork, laying the 
reinforcement bars, etc.) for which it is necessary to 
extract the quantity from the IFC model. The user does 
not need to define measurement rules or perform 
calculations as the code will perform these operations 
automatically based on the chosen construction work.  
The formulas used by the code, in this case study, to 
calculate the final quantities contained in the IFC model 
are summarized in Table 1. These follow the rules defined 
in the price list of the Lombardy Region for the correct 
quantification of cost items.  
After that, once the quantities were defined (Volume, Wet 
Area, Weight), the price list was queried. However, this is 
not a standard price list but a new cost database with cost 
entities based on IFC. Each of these cost items is 
characterized by an architecture defined and validated in 
another study carried out by the research group 
(Cassandro, Donatiello, et al., 2023). Once questioned, it 
is possible to identify the unit cost item (IfcCostItem) 
from which to extract the cost value (IfcCostValue) useful 
for the cost estimation and to associate with the geometric 
object.  
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Then after the selection of the unit cost item (the second 
and last manual input), a new cost item (IfcCostItem) is 
automatically created within the new IFC model that 
updates the previous geometric model and relates to the 
geometric object. It was possible to define "n" 
relationships based on how many cost items are necessary 
for the cost estimation of the specific workings. This new 
cost item contains the quantity (IfcPhysicalQuantity) 
defined previously according to the rules of measurement 
of the machining automatically applied by the code from 
the quantities extracted from the geometric objects and the 
unit cost value (IfcCostValue) extracted from the unitary 
cost items in the cost database (Figure 7).  
Finally, the last step involves the creation of the 
IfcCostSchedule (cost sheet) in which all the cost items 

previously created have been collected. It will be possible 
to define an "intermediate" IfcCostSchedule to obtain the 
cost sheet of each set of similar construction work even if 
related to different objects (for example all C20/25 
concrete castings for foundations, beams, slabs, and 
masonry) and then the final IfcCostSchedule 
corresponding to the entire cost estimate. 
This will then be linked to the IfcProject and will allow to 
define the total cost estimate for the structural model.  
In the end, a new IFC model was obtained which contains 
the IfcCostItem and IfcCostSchedule entities with the cost 
value and the cost quantity of the construction works for 
the definition of cost estimation. This new IFC file was 
validated through the FZK Viewer (Figure 5 and Figure 
6).  

Figure 5: IFC Validation of the cost schedule on FZK Viewer Figure 6: IFC Validation of the cost item on FZK Viewer 

Figure 7: Example of relationships between IFC entities for estimating the costs in IFC of a slab and column 
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Table 1: Formulas used in the cost estimation process 

Working Quantity Formula

Formwork Slab (foundation) Wet area1 [m2] Perimeter * Thickness 

Column Wet area1 [m2] Perimeter * Height 

Wall Wet area1 [m2]  (2*(Length + Width)) * Height 

Slab (floor) Wet area1 [m2] (Perimeter * Thickness) + (Length * Width) 

Reinforcement General Reinforcement per cubic metre2 [kg] Reinforcement at m3 * Volume 

Casting Concrete Concrete casting [m3] Volume*1,1

1 The area is the area of the single face (the height for the 
length of the septum). 
2 The values used for reinforcement mass per volume unit 
for each structural element are (Table 2): 

Table 2: Theoretical values used for reinforcement mass 

Element Reinforcement mass per unit volume 

Wall/Floor 200 kg/m3 

Column/Beam 250 kg/m3 

Foundation 100 kg/m3 

Discussion 
The research group conducted a study based on the results 
of ongoing work on a project with the Lombardy Region. 
The study demonstrates the feasibility of estimating costs 
based on IFC classes, by relating new cost items 
structured according to the IFC data model and their 
geometric objects. The study also validates the use of 
openBIM methods for cost estimation. This has been 
made possible through the implementation in 
IfcOpenShell of the relationship between the new cost 
items (IfcCostItem) with geometric objects (IfcElement), 
and the creation of the cost schedule (IfcCostSchedule) for 
the identification of the final cost estimate of the entire 
project (IfcProject). 
The methodological and scientific research conducted has 
led to technological advancements using IfcOpenShell, 
achieving efficient and scalable outcomes. The proposed 
methodology can also be applied to estimate the costs of 
different projects. Currently, these results can be obtained 
through code, as existing tools do not support user-
friendly implementations. 
The studied approach, which is based on entity 
relationships, is effective and flexible compared to the 
standard approach that uses cost allocation and cost 
estimation through Excel spreadsheets and associating 
costs as simple attributes. A reliable and interoperable 
cost management information base is essential. This 
process aims to implement and encourage greater data 

interoperability, not only within the 3D dimension but 
also extending to the dimension of costs (5D BIM). 
The power of the proposed methodology will ensure the 
possibility of developing cost estimates through 
procedures that allow the selection in a semi-automatic 
way of new cost items characterized by a standardized 
architecture. In addition, it is possible to query this 
information, verify the correctness of the associations, 
and relate the cost items to the object automatically. It is 
no longer necessary to define an attribute for each 
geometric entity in the geometric model to include cost 
information.  
The cost item will be defined as a single entity related to 
a specific number of geometric entities within the IFC 
model by updating it (Figure 6). This avoids duplication 
of information and ensures respect for the area of 
knowledge of the different domains.  
Furthermore, the IfcCostItems are grouped in the 
IfcCostSchedule to create a cost estimate. It is possible to 
generate different "cost views" by creating multiple cost 
schedules (Figure 5). This allows the extraction of 
complete or partial cost estimates from the same model 
based on specific requirements. 
In addition, some problems were identified at the start of 
the procedure after analyzing and examining the 
geometric model: 
 not all IFC entities had the correct structural property,

despite being part of the structural model
(LOADBEARING = True);

 some quantities are not stored within the
IfcElementQuantity entity (volume, perimeter, etc.).
This can lead to difficulties in creating standardized
automated rules and allocating quantities to cost
items. Only standard and hardcoded IFC schema data
are evaluated in the research and not proprietary data
that may differ between projects.

Therefore, it can be deduced that the issues with cost 
estimation are not only due to an incorrect cost item 
selection or association but also due to inaccurate 
information in the geometric model. 
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Conclusion
The cost estimation process discussed in this study is 
based on the IFC standard. It establishes logical 
connections between products, resources, cost items, and 
property sets in the IFC data model ensuring greater 
interoperability of data within the AEC sector through 
openBIM languages. The possibility of using cost classes 
(IfcCostItem and IfcCostSchedule) as independent 
entities, that are characterized by granular architecture 
and logical relationships between entities, ensures the 
possibility of querying, verifying, and validating this 
relationship to reduce cost estimation errors. It also allows 
for automatic cost estimation updates by modifying the 
IFC file of input and identifying changes to cost items or 
objects without associated cost entities, tracking changes 
and additions to the project.
During the study, limits were found in the implementation 
of a standardized methodology for costs. The first is the 
market barrier with the lack of a user-friendly tool for 
creating relationships, currently possible through code. A 
second limitation is the need to have correct information 
for the realization of a correct estimate of costs; not 
always the geometric model contains all the information 
useful for the realization of an estimate of costs, for 
example, the lack of certain dimensions that do not allow 
the extraction of certain quantities or the absence of 
fundamental parameters for the choice of cost items to be 
reported.
However, this approach must allow for exceptions, as it 
will not be possible to make all possible cases of cost 
estimation.
As future work, and already in progress, there is a need to 
prototype what is studied on a larger scale and with 
different and more complex geometric patterns, 
demonstrating how a set of typical costing strategies and 
economic quantification of projects can easily be 
implemented in the proposed approach. Develop a user-
friendly application with an intuitive interface for a better 
definition and visualization of this data. Verify the 
correctness of all the cost items linked to the geometric 
element. Automate the choice of cost item to reduce the 
manual input (second manual input in this method).

Data availability
The data presented in this study are openly available on 
GitHub at https://github.com/Cassa97/IFC-based-Cost-
Estimation.git under a Creative Commons Attribution 4.0 
International License.
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Abstract

Infrastructure lifecycle management requires interactions
with dynamic datasets. Traditional interfaces often hinder
users’ ability to rapidly locate lifecycle-specific informa-
tion they need. Our work proposes ChatTwin, a system that
employs Large LanguageModels (LLMs) to enable natural
language queries related to various lifecycle stages of in-
frastructure, with a focus on operations and maintenance.
Simulated scenarios were constructed to test the system.
The results demonstrate that the system can effectively cat-
egorise interactions, fetch relevant information, and pro-
duce human-friendly outputs. With this LLM-based ap-
proach, we present an improvement in user-centricity in
infrastructure lifecycle management, streamlining interac-
tions and decision-making throughout the entire infras-
tructure lifecycle.

Introduction

Modern infrastructure systems are becoming increasingly
complex and interconnected, posing significant challenges
in their lifecycle management (Grafius et al., 2020). Deci-
sions made throughout their lifecycles require considera-
tion of large amounts of data from various sources. Digital
twins have emerged as promising tools to overcome these
challenges. They are virtual replicas of physical entities
or systems, offering integrated data platforms that enable
stakeholders to gain an enriched understanding of infras-
tructure’s behaviour, to optimise maintenance and opera-
tion activities, and more (Broo et al., 2022; Rudskoy et al.,
2021). Digital twins typically consist of three elements:
a physical space where the actual object resides, a digital
space that hosts the virtual model, and a connection that
facilitates synchronisation and real-time feedback between
the two spaces (Barricelli et al., 2019). However, the cur-
rent human-information interaction paradigms with digital
twins remain unintuitive, leading to a steep learning curve
and significant investment in training. UK employers in-
vest around £42 billion in training their employees each
year, equivalent to an average spend of £2,540 per trainee
(Winterbotham et al., 2020). However, even after exten-
sive training, employees can still find it difficult and time-
consuming to find the information they need, with employ-
ees spending approximately 9.3 hours weekly just sourcing
information (Chui et al., 2012). Therefore, the need for
more accessible, intuitive interaction methods is clear.

Background

Human-information interaction with digital twins

The interaction between users and digital twins plays a
crucial role in leveraging the full potential of these com-
plex and dynamic digital twins. Despite their potential, the
current interaction modes between users and digital twins,
particularly the mode of natural language interaction, re-
main underdeveloped. For example, Pairet et al. (2019)
present a natural language interface designed for interac-
tions with a digital twin of an offshore platform, facilitat-
ing user training across various human-robot collaboration
scenarios, but without any results or implementation de-
tails. Dingli andHaddod (2019) propose a human interface
of an Intelligent Digital Twin system for a semiconduc-
tor manufacturing plant, utilising three different modali-
ties: hand gestures, a VR controller, and a voice interac-
tion system. However, no results have been obtained for
the performance of the system. Siyaev et al. (2023) in-
troduce a neuro-symbolic reasoning mechanism to inter-
act with a virtual aircraft maintenance digital twin con-
structed from structured manuals using natural language,
which requires a special symbolic vocabulary and a neuro-
symbolic dataset of queries to work. Furthermore, to the
best of the authors’ knowledge, there is no work on the nat-
ural language interactions with infrastructure digital twins.

Prompting pre-trained large language models

By enabling users to interact with computer systems using
their native language, natural language interactions offer
a seamless and accessible interaction experience, partic-
ularly for users with limited technical expertise or back-
ground knowledge in computing (Pazos R. et al., 2013).
Recent advancements in natural language processing, es-
pecially the emergence of LLMs, have made it possible to
develop more sophisticated and context-aware natural lan-
guage interaction systems (Wei et al., 2022). Unlike tra-
ditional language models, which need to be fine-tuned or
even re-trained on specific datasets tailored for individual
tasks, LLMs have demonstrated strong in-context learn-
ing abilities. This means that they can effectively adapt to
new scenarios and perform different tasks by only includ-
ing a few task-specific input-output examples in the input
prompt. This innovative technique is known as “few-shot
prompting” (Brown et al., 2020). With few-shot prompt-
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ing, LLMs can potentially be used for diverse natural lan-
guage interaction tasks without the need for task-specific
models or training datasets. Moreover, LLMs have also
demonstrated the ability to perform tasks through “one-
shot learning” or even “zero-shot learning” (Kojima et al.,
2023). The former involves the LLM accomplishing tasks
with just a single input-output example. The latter refers to
LLMs handling specific tasks with no examples provided,
relying solely on task descriptions in natural language.

While few-shot prompting, one-shot prompting, and even
zero-shot prompting have demonstrated competitive per-
formance on various NLP tasks like question-answering
or translation (Brown et al., 2020), it has been observed
that for complex reasoning and numerical tasks, LLMs
may not always provide accurate answers. A widely
adopted approach to address this challenge is “chain-of-
thought” prompting. This approach provides chain-of-
thought demonstrations in prompts to guide the LLM in
generating a series of intermediate reasoning steps for a
given task. This technique has proven to significantly im-
prove LLM performance on tasks involving intricate rea-
soning or numerical skills (Wei et al., 2023).

To further enhance the performance of LLMs, some more
advanced prompting techniques have also been proposed.
For example, “Program-Aided Language models” (PAL)
improve LLM performance in arithmetic and symbolic
reasoning tasks (Gao et al., 2023). PAL employs the LLM
to read and understand natural language problems, gener-
ating programs as intermediate reasoning steps based on
the problem description. Unlike other methods, PAL of-
floads the solution step to a runtime, such as a Python in-
terpreter. This allows the LLM to focus solely on decom-
posing the problem into executable steps.

Gaps in knowledge, objectives & research questions

The gaps in knowledge can be summarised as follows:

1. Domain-Specific Knowledge: LLMs lack specialised
domain knowledge related to infrastructure digital
twins and infrastructure lifecycle management. This
includes domain-specific processes, the specialised
knowledge and contextual understanding required to
effectively communicate with and interpret informa-
tion from digital twins, and more.

2. Contextual Information Retrieval: Integrating LLMs
with digital twins requires retrieval of relevant infor-
mation from the digital twin itself. LLMs must be
equipped to comprehend the underlying data struc-
ture and extract meaningful information and insights
from the digital twin’s vast repository of information.

3. Effective Prompt Structures: The structuring of
prompts plays a pivotal role in guiding LLMs to gen-
erate accurate and useful outputs. Understanding how
to design prompts that effectively convey the context
of a specific query is still an open question to be an-

swered.
4. Usability and Interpretability: Ensuring that LLM-

driven interactions with digital twins are not only ac-
curate but also interpretable is critical. Gaining in-
sights into how to post-process LLM outputs to ex-
tract valuable information in a user-friendly format is
another key aspect to explore.

The primary objective of this project is to enhance human-
information interaction with infrastructure digital twins by
leveraging LLMs for natural language interactions, con-
tributing to the development of more efficient, accurate,
and domain-aware LLM-driven interactions with infras-
tructure digital twins. With this primary objective in mind,
the subsequent research questions have been formulated:

1. What specific techniques can be employed to retrieve
relevant information from the digital twin?

2. How can prompts be optimised to ensure that LLMs
generate outputs that not only align with the specific
requirements of the stakeholder but also maintain a
consistent level of accuracy? Moreover, how can
the retrieved data be presented to the LLMs within
the prompts, ensuring that the LLM understands the
broader scenario, background, or situation in which
the information is embedded, leading to accurate and
context-aware responses?

3. What specific procedures or tools can be employed to
most effectively present data or insights to generate
tangible value for infrastructure management stake-
holders?

Proposed Solution

Scope

This paper focuses on investigating how LLMs can en-
hance interactions with infrastructure digital twins, en-
abling them to offer information and insights, and perform
certain actions on behalf of users via natural language in-
teractions. This paper prioritises the following five com-
mon interaction tasks, using a road digital twin as a case
study. Road digital twins are comprehensive virtual mod-
els of road systems that replicate their physical counter-
parts in real-time. These models integrate various data
sources to create a dynamic simulation of the road net-
work. This allows for enhanced real-time monitoring, pre-
dictive maintenance, and strategic planning (Marai et al.,
2021). Although our solution is demonstrated on road net-
works, it is designed to be adaptable to other infrastructure
systems with minimal modifications.

Task 1: Data visualisation

One of the primary functions of road digital twins is in-
tegrating data from multiple sources, such as time-series
data from meteorological and traffic sensors. Our first
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goal is to enable users to generate and view visualisations
of such time-series data through natural language interac-
tions, enabling them to gain a more intuitive view of the
complex information patterns within such data.

Task 2: Information summarisation

Navigating through the vast datasets of a road digital twin
to extract pertinent information is often cumbersome and
time-consuming. Our system aims to simplify this by sum-
marising key data, like road defect details, in response to
user queries in natural language.

Task 3: Performing changes

A frequent and critical interactionwith road digital twins is
the implementation of changes to the properties of specific
instances. This includes, for example, changing the status
of a defect from “scheduled to fix” to “fixed” after a repair
with a natural language prompt.

Task 4: Model visualisation

Accessing and visualising models, such as point clouds, is
another routine task for road digital twin users. This typ-
ically involves locating specific files and using dedicated
tools. We propose to simplify this process using natural
language interaction, enabling users to request visualisa-
tions of model sections through simple prompts, enhanc-
ing user experience and information access efficiency.

Task 5: Work schedule enquiry

Another commonly performed task for infrastructure digi-
tal twins is generating and visualisingwork schedules. Our
work aims to automate these tasks, traditionally a manual
and laborious task, through natural language interactions.
This automation will facilitate more frequent and accurate
schedule adjustments and updates, improving productivity
and reducing unnecessary costs associated with outdated
schedules.

However, due to the data availability of the demonstrative
digital twin, only summarisations of defect information are
included in the scope of Task 2, and the scope of Task 5 is
only limited to inquiries concerning work schedules of de-
fect rectifications. In addition, this work limits its scope
of Task 3 only to property modifications due to their reg-
ularity and natural language compatibility. More complex
modifications, such as geometrical alterations or adding
new instances, often require assistance from specialised
equipment like laser scanners and are thus excluded.

Details

This section outlines the step-by-step process of the pro-
posed solution that enables the user to interact with the

infrastructure digital twin using natural language prompts.

Figure 1: Step 1 - User initiating request

In step 1, as illustrated in Figure 1 above, the user initi-
ates the interaction process by providing a natural language
prompt that describes their query or request. Such prompts
could either instruct the system to perform specific actions
on the digital twin, or request specific data visualisations
or summaries.

Figure 2: Step 2 - Requesting and receiving relevant data from
the Road Digital Twin & Examples Database

In step 2, upon receiving the user’s input, the system de-
termines which task category this user prompt belongs to.
This categorisation result will determine the subsequent
actions of the system. This is done by sending a pre-
structured prompt to the LLM. The structure of this prompt
can be found in appendix “Prompt for categorising tasks”.
Depending on the task category, the system fetches rele-
vant data from the digital twin and the examples database
(as shown in Figure 2 above). Each task category dictates
a unique retrieval process. Further details on the data re-
trieval process can be found in the ”Results & findings
summary” section. This aims to solve the first research
question, so that relevant data can be correctly retrieved
from the digital twin for each of the task categories.

Figure 3: Step 3 - Pre-processing and sending modified prompt
to LLM
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In step 3 (as shown in Figure 3 above), the relevant data and
examples retrieved from the digital twin and the examples
database are combined with the user prompt to generate
a modified prompt, which is then sent to the LLM. The
modified prompt is generated by collating the user’s orig-
inal prompt, the relevant data from the digital twin (if re-
quired), and the relevant few-shot training examples from
the examples database into a structured prompt. An illus-
trative example is provided in Figure 8 in the appendix.
The prompt starts with one or a few few-shot training ex-
ample(s) retrieved from the examples database. Each ex-
ample consists of the relevant data retrieved from the dig-
ital twin (if applicable), the user prompt, and the expected
task-specific output from the LLM. Additional examples
are appended to the end of the previous ones. The second
part of the prompt is the relevant data retrieved from the
digital twin (if required), and the final part of the prompt
is the user’s original prompt. The modified prompt is
then sent as input into the LLM. This aims to solve the
second research question. The examples from the exam-
ples database provide the LLM with essential information
about the data it works with. This includes but is not lim-
ited to the nature of the data, its structure, and the meth-
ods to access it. By illustrating this with sample outputs
for typical user query inputs, the LLM gains a better un-
derstanding of both the data and its context, enabling it to
produce more accurate results. In addition, the examples
also act as guides for the LLM to ensure that its responses
meet the specific needs and standards of different users and
situations. This helps in maintaining the relevance and ac-
curacy of the LLM’s outputs.

One exception is that for model visualisation tasks, a dis-
tinct prompt structure is used to determine whether the
requested point cloud data is available within the digital
twin, and retrieve the requested point cloud data file if it is
available. This prompt structure can be found in appendix
“Prompt to retrieve point cloud data”.

Figure 4: Step 4 - Receiving and post-processing output from
LLM

In step 4, as shown in Figure 4 above, an output is re-
ceived from the LLM, which contains either actionable
commands for the digital twin, machine-readable informa-
tion on the requested information, or a natural language
summary of the information requested by the user.

The commands are generated in the form of Python scripts
with embedded comments that contain chain-of-thought

information. The inclusion of comments helps improve
the quality and readability of the generated commands.
For tasks where the system is asked to perform specific
changes to the digital twin, the LLM will also generate
natural language feedback to the user based on the result
of the execution of the Python script. For example, if the
Python script is successfully executed without errors, the
LLM will then provide the user with a “success” message,
confirming that the requested actions have been success-
fully applied to the digital twin.

Otherwise, for example, for information summarisation
tasks, the summary generated by the LLM is directly sent
to the user, or for model visualisation tasks, the output
from the LLM is first analysed - if the output is “Not avail-
able”, the system will output a message indicating that the
requested data is not available within the digital twin, or if
the output is the name of the requested data file, the name
of the file will be passed into a pre-structured Python script
to visualise the requested data. This pre-structured script
can be found in appendix “Python script to visualise point
cloud data”.

This step aims to solve the third research question, so that
the data retrieved from the digital twin can be presented
to the user in an appropriate form using different tools and
procedures, enabling users to quickly gain more value and
insights from the data.

Research Methodology

Our work constructs a demonstrative road digital twin to
evaluate the proposed interaction pipeline. This twin is
populated with four data types: geometric data in point
cloud format, time-series sensor data, defect information,
and recommended maintenance actions.

Data collection and preparation

The geometric point cloud data, representing a specific
road junction in Tallinn, is sourced from the Tallinn City
Digital Twin. Time-series sensor data, simulating the input
from infrastructure sensors, is obtained from the UK Envi-
ronment Agency’s Real Time flood-monitoring API. This
API provides real-time and historical water level and flow
measurement data at each of themonitoring stations across
the UK. This data is indicative of the real-time sensor data
one would expect in a fully operational digital twin. These
sensor data have been integrated with the point cloud data,
maintaining their properties such as names, IDs, and typi-
cal ranges, but changing their location-related properties to
correspond with the geospatial location of the point cloud
data, so that the sensors are essentially ”embedded” into
the point cloud at certain locations.

The defect information and suggested actions are stored in
text format in a .txt file. The information stored within
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the digital twin about each registered defect includes defect
type (e.g. pothole, crack, etc.), defect location (shown as a
kilometre number along a specified road), severity level
(either severe, moderate, or low), and suggested action
based on the severity level (immediate fix for severe de-
fects, schedule fix for moderate severity defects, and mon-
itor progress for low severity defects).

Another component of the system is the examples
database. The examples database contains few-shot train-
ing examples for each task category. However, not ev-
ery example contains all three parts (relevant data, user
query, and expected task-specific output from LLM). In
some cases, no relevant data is retrieved from the digital
twin. Instead, time-series data or geometry data are re-
trieved from the digital twin via Python scripts. Such an
example can be found in appendix “An example for Task 1:
Data visualisation from the examples database”, where the
system is asked to retrieve and visualise time-series data
from a specified monitoring station.

Testing and validation

In order to test and validate the solution proposed in this
work, test cases have been constructed for each type of task
introduced in section “Scope”. One test case has been pro-
posed for each type of task introduced, and the proposed
test cases are summarised below:

1. What is the historical water level at the station “Bour-
ton Dickler” for the last 5 days?

2. Are there currently any defects on the road network?
3. Could you please change the severity level of the de-

fect located at M25 28km to “severe”?
4. Could you please visualise the junction of Vabaduse

väljak and Pärnu maantee for me?
5. Could you please generate a work schedule based on

the current status of the road network?

Implementation details

These test cases are first categorised using a structured
prompt (shown in appendix “Prompt for categorising
tasks”). Then, they are processed according to their cat-
egorisation results. More details can be found in the next
section.

The LLM used in this project to generate the results in the
next section is the gpt-3.5-turbo model developed by
OpenAI, and the model is accessed via the OpenAI API
with the openai Python library.

Discussion

Results & findings summary

This section presents a comprehensive overview of the out-
comes and discoveries obtained from the implementation

and evaluation of our proposed natural language interac-
tion system with infrastructure digital twin.

First, the task categorisation results are presented in Table
1 below.

Table 1: Expected categories vs actual categorisation results
for the test cases

Test Expected Categorisation
Case Category Result

1 1 1
2 2 2
3 3 3
4 4 4
5 5 5

It can be seen from Table 1 above that the LLM is able to
categorise all the test cases correctly.

Then, task-specific results are generated for each of the test
cases. For test case 1, the test prompt, together with the
retrieved example, are compiled according to the prompt
structure introduced in step 3 in section “Details” into an
input into the LLM. Then, the output from the LLM,which
is a piece of Python script with chain-of-thought com-
ments, is executed in a Python interpreter to produce the
visualisation result shown below in Figure 5.

Figure 5: Visualisation result generated by the system

It can be seen from Figure 5 above that a visualisation of
the requested time-series data has been successfully and
correctly generated.

Then, for test case 2, the test prompt, together with the re-
trieved example and the defect data retrieved from the dig-
ital twin, are concatenated according to the prompt struc-
ture introduced in step 3 in section “Details” into an input
into the LLM. Then, the output from the LLM is presented
below:

Yes, I have found a total of 8 defects
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on the road network. Here is a summary
of the defects:

High Severity Defects:
1. Pothole on M25 at 112km

...

3. Crack on A14 at 21km

It is suggested that you prioritize
fixing the high severity defects
immediately, schedule the moderate
severity defects for the next round of
fixing, and monitor the low severity
defects for progress.

The full result is available in appendix “Full result for test
case 2”. It can be seen that the system can retrieve the
relevant data from the digital twin and generate a natural
language summary. Upon cross-checking with the actual
data storedwithin the digital twin, it was confirmed that the
system retrieved the correct information. This verification
process involved a comparison between the output gener-
ated by the system and the actual defect records within the
digital twin. This consistency validates the reliability of
the data retrieval process implemented by the system.

Next, for test case 3, the test prompt, and the retrieved ex-
ample, are combined according to the prompt structure de-
tailed in step 3 in section “Details” into an input into the
LLM. The output from the LLM is then executed within a
Python interpreter to apply the changes to the digital twin.
The system returned a “success” message, and it was ver-
ified that the requested change had been successfully ap-
plied to the digital twin.

Then, for test case 4, the test prompt, and the point cloud
file(s) retrieved from the digital twin, are collated accord-
ing to the prompt structure in step 3 in section “Details”
into an input into the LLM. Then, the output from the
LLM, which is the name of the requested point cloud file,
is passed into a pre-structured Python script (shown in ap-
pendix “Python script to visualise point cloud data”) to
generate the visualisation shown in Figure 6 below.

Figure 6: Model visualisation generated by the system

It can be seen from Figure 6 that the system is able to cor-
rectly retrieve and visualise the relevant point cloud data
requested by the user.

Finally, for test case 5, the test prompt, together with the
suggested actions retrieved from the digital twin and the
relevant examples, are combined according to the prompt
structure introduced in step 3 of section “Details” into an
input into the LLM. The output from the LLM is then exe-
cuted within a Python interpreter to generate the visualisa-
tion of the work schedule as a Gantt chart, which is shown
in Figure 7 below.

Figure 7: Work schedule visualisation generated by the system

The assumptions and criteria used here were:

1. Only ”severe” and ”moderate” defects are included in
the schedule as the suggested action for low-severity
defects is ”monitor progress”.

2. Prioritise ”severe” defects over ”moderate” defects.
3. Within ”severe” and ”moderate” defects, prioritise

”M” roads over ”A” roads.
4. Within ”M” roads and ”A” roads, prioritise roads with

a smaller road number assigned to them.
5. Within each road, schedule the tasks according to the

location of the defects, and work along each road
from the defect with the smallest km number to the
defect with the largest km number.

6. The time for fixing each defect is one day.

These parameters and criteria can be changed easily within
the digital twin and ChatTwin to reflect the real situation.
The assumptions are made purely for demonstration and
to validate the results generated by the system, and do not
reflect any real circumstances in the real world. It can be
seen from Figure 7 above that the system is able to generate
a correct work schedule according to the pre-set criteria
and visualise it as a Gantt chart.

Contributions

Ourwork presents a novel approach to enhance the human-
information interaction with infrastructure digital twins by
leveraging the capabilities of LLMs, filling gaps in both the
fields of digital twin research and human-computer inter-
action (HCI), as detailed in the following two paragraphs.

First, this work fills the gap in digital twin research by
proposing a systematic approach to structure prompts that
effectively leverage LLMs for generating informative and
contextually relevant outputs with infrastructure digital
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twins. This enables the LLMs to perform domain-specific
tasks without the need for extensive fine-tuning. Our work
contributes to the growing field of prompting pre-trained
LLMs, providing some structured templates for structur-
ing prompts that effectively guide the responses of LLMs
within the context of infrastructure digital twins. This
work also presents an empirical evaluation of our LLM-
based interaction system through scenario-based simula-
tions, demonstrating its strengths, limitations, and poten-
tial areas of improvement, offering valuable insights for
researchers and practitioners interested in advancing nat-
ural language interaction with digital twins in the domain
of infrastructure management.

In addition, current infrastructure digital twin research of-
ten emphasises technical aspects. This work primarily en-
hances the interaction layer, bridging the gap between in-
tricate domain-specific data in digital twins and straight-
forward, user-friendly interactions, adding a user-centred
design perspective, and aligning the infrastructure man-
agement domain with foundational HCI principles by fa-
cilitating more intuitive communication with digital twin
systems, further enhancing the capabilities of conventional
digital twin systems. This paves the way for stakeholders
to more effectively engage with digital twin systems for
infrastructure monitoring, control, and decision-making.

Conclusions

The integration of LLMs with infrastructure digital twins
has far-reaching implications for the infrastructure man-
agement domain and beyond. By providing a more ac-
cessible, intuitive and user-friendly interface, LLM-driven
interactions reduce the learning curve required to inter-
act with intricate infrastructure digital twin systems, em-
powering decision-makers at different levels, from engi-
neers to policymakers, with timely and contextually rel-
evant insights. This improved decision-making capabil-
ity, supported by real-time data analysis and predictions
provided by the capabilities of digital twins, can lead to
more informed choices regarding infrastructure manage-
ment, maintenance, and resource allocation.

Recommendations for future

While our research provides valuable insights, some limi-
tations remain. This section lists some potential areas for
further investigation.

Enhancing interaction feedback

While the current system can successfully generate and ex-
ecute Python scripts for requested actions on the digital
twin, future improvements can focus on providing more
comprehensive feedback to users throughout the process
to enhance user engagement and make the interface more
informative. This can involve monitoring the digital twin’s

status during and post-execution, enabling the system to
confirm the successful implementation of user requests or
flag potential issues, thus ensuring the accuracy of per-
formed actions. Users might receive a visual cue for suc-
cessful operations, or a notification detailing any encoun-
tered challenges. This could establish a closed feedback
loop and eliminate ambiguity about action outcomes. Po-
tential research questions could include: How can real-
time feedback during task execution enhance user trust and
system transparency for users of different expertise levels?
What impact does visual or textual feedback have on user
comprehension and satisfaction?

Expanding task categories

While this project addresses the five most common tasks
associated with infrastructure digital twins, there exists
substantial potential to broaden the range of tasks covered
by this approach. Expanding beyond these fundamental
tasks can further improve system applicability. Further-
more, with the ReAct (Yao et al., 2023) approach, there
is also potential to develop a more generally applicable
natural language interaction system. Such a system could
leverage the advanced reasoning capabilities of LLMs to
autonomously deduce steps for various user-initiated ac-
tions beyond pre-defined task categories.

Multi-turn interactions and task clarification

The current focus of the project on single-turn interactions
provides a solid foundation for future research exploring
more complex multi-turn conversations. This expansion
will enable the system to engage in more intricate and dy-
namic interactions with users, improving the adaptability
of the system. This extension is particularly crucial for
addressing scenarios that involve ambiguity and might re-
quire additional clarification. In such cases, the system can
proactively seek clarification from users when faced with
potential misunderstandings to help disambiguate poten-
tially confusing queries. Moreover, multi-turn interactions
could also be leveraged to handle situations where users re-
quire assistance in accurately conveying their intent. With
multi-turn interactions, the system’s ability to interact, in-
terpret, and execute user intents can be significantly en-
hanced, ultimately contributing to a more effective and
user-centric infrastructure management system. Potential
research questions could include: How do multi-turn in-
teractions influence user experience and system accuracy
in complex query scenarios? What methodologies can ef-
fectively disambiguate user queries?

User-centric design evaluation

Future enhancements can be rigorously user-tested in sim-
ulated and controlled real-world scenarios to validate their
effectiveness and user-centricity. This approach will en-
sure that proposed improvements align with actual user
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needs and preferences, thereby enhancing the practical ap-
plicability of our findings.

Evaluating performances with different LLMs

OpenAI’s gpt-3.5-turbo model has been used in this
work. In the future, tests can be conducted on other LLMs
(e.g. PaLM, BERT, and Llama) to evaluate and compare
the effectiveness of the system with different LLMs.
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Appendices

Prompt for categorising tasks

Please determine which task category this user prompt belongs to: [user prompt]

-----

Candidate task categories:

Task category 1: Data visualisation
Task description: Tasks where the user asks the system to visualise specific
time-series data
Example user prompt: What is the water level data at the station "Cam" over the past 2
days?

Task category 2: Information summarisation
Task description: Tasks where the user asks the system to find and summarise certain
data or information
Example user prompt: Are there currently any defects on the road network?

Task category 3: Performing changes to digital twin
Task description: Tasks where the user asks the system to change the property value of
a specific instance within the digital twin
Example user prompt: Can you change the status of the defect at M2 112km to fixed?

Task category 4: Model visualisation
Task description: Tasks where the user asks the system to visualise a certain section
of the digital twin model
Example user prompt: Can you show me a visualisation of Regent Street between 5km and
8km?

Task category 5: Work schedule enquiry
Task description: Tasks where the user asks the system to generate/visualise a work
schedule
Example user prompt: Could you generate a work schedule for defect rectification?

-----

Please only respond with the task category number in Arabic number.

Prompt to retrieve point cloud data

The available point cloud data files are:
[the available point cloud data retrieved from the digital twin]
The user's query is: [user query]
Is the point cloud data requested by the user available? If it is available, please
only respond with the name of the corresponding point cloud data file. If it is not
available, please respond with "Not available".
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Prompt structure

Figure 8: Prompt structure

Python script to visualise point cloud data

import open3d as o3d

point_cloud_file = response["choices"][0]["message"]["content"]
top_dir = "[path to the top directory of point cloud data files]/{}"
path = top_dir.format(point_cloud_file)
pcd = o3d.io.read_point_cloud(path)
o3d.visualization.draw_geometries([pcd],

zoom=0.4012,
front=[0.0902, 0.2108, 0.9734],
lookat=[130.1986, 20.4945, -13.5578],
up=[-0.1271, -0.9669, 0.2211])
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An example for Task 1: Data visualisation from the examples database

Q: What is the water level data at the station ”Cam” over the past 2 days?
A:
# To get water level data, we first need to find the list of monitoring stations using
the function build_station_list()
stations = build_station_list()
# Then we need to find station "Cam" from the list and store it in the variable
station_cam
station_name = "Cam"
for station in stations:

if station.name == station_name:
station_cam = station
break

# We then need to fetch the water level data over the past 2 days using the function
fetch_measure_levels
dt = 2
dates, levels = fetch_measure_levels(station_cam.measure_id,
dt=datetime.timedelta(days=dt))
# We can then finally plot the water level data using the function plot_water_levels
plot_water_levels(station, dates, levels)

Full result for test case 2

Yes, I have found a total of 8 defects on the road network. Here is a summary of the
defects:

High Severity Defects:
1. Pothole on M25 at 112km
2. Pothole on A14 at 54km

Moderate Severity Defects:
1. Crack on M25 at 28km
2. Pothole on M11 at 35km
3. Pothole on A10 at 14km

Low Severity Defects:
1. Pothole on M11 at 87km
2. Pothole on M11 at 134km
3. Crack on A14 at 21km

It is suggested that you prioritize fixing the high severity defects immediately,
schedule the moderate severity defects for the next round of fixing, and monitor the
low severity defects for progress.
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Abstract
The digitalization of the construction industry through
BIM and CDE raises security and privacy concerns as sen-
sitive data is stored in cloud environments. It is critical to
address these concerns related to CDE and provide guide-
lines and recommendations for users. The paper provides
an overview of security and privacy mechanisms at mul-
tiple levels that should be implemented in BIM, including
data and network security, identity and access manage-
ment, physical security, and compliance with standards.
We examine ISO 19650-5 and recommend a direction to
improve BIM related guidelines in order to help users iden-
tify potential concerns in their chosen cloud environment.

Introduction
A Common Data Environment (CDE) is a cloud comput-
ing infrastructure that serves as a shared digital workspace
for project teams to collaborate on Building Information
Modelling (BIM). CDE is becoming increasingly impor-
tant in the construction industry as it provides a centralised
repository for managing project information and improv-
ing communication between stakeholders (see Figure 1).

Figure 1: Common Data Environment (CDE) (Turk et al.,
2022).

CDEs allow project teams to access and share BIM mod-
els and other project data in real time. This can help to
improve coordination, reduce errors and shorten project
timelines.

Cloud computing is a ubiquitous and rapidly growing com-
puting paradigm that provides users with access to data
and applications. Two main models are private and pub-
lic clouds. In the private cloud, ownership and manage-
ment of the cloud is in the hands of the organisation pro-
viding the applications and access to the resources is not
open to everyone as in the public cloud. Cloud comput-
ing offers different service models, which are a specific,
pre-prepared combination of information technology (IT)
resources offered by a cloud service provider and relate to
the way in which it offers a service to users. The threemain
service models are Software as a Service (SaaS), Platform
as a Service (PaaS) and Infrastructure as a Service (IaaS)
(Manvi and Shyam, 2021). Shared digital workspaces used
in the construction industry are typically offered as a SaaS
model, where users do not manage and control the cloud
infrastructure, but simply utilise cloud software solutions.
In commercial CDE environments, providers are responsi-
ble for managing the SaaS model and providing upgrades,
maintenance and security.
The exponential growth of cloud computing brings nu-
merous benefits, but also a number of security concerns
that must be properly understood and addressed in order
to successfully deploy solutions in the cloud environment
(Sun, 2018). Computing and data in the cloud are asso-
ciated with various security risks, including loss of gov-
ernance, isolation failures, data protection, service avail-
ability, compliance and legal risks, authentication and au-
thorisation, etc. Cloud computing security refers to main-
taining the confidentiality, integrity and availability of data
stored in the cloud. Cloud security requirements include
robust security, trust, safety, monitoring and governance
(Pavithra et al., 2019). These requirements can be directly
applied to the security and privacy requirements for CDE
environments in the cloud.
This paper provides recommendations for secure and pri-
vate CDE based BIM collaboration environments. The
second chapter provides an overview of the levels of se-
curity and privacy mechanisms that need to be imple-
mented in these environments. The third chapter provides
an overview of the ISO 19650-5 standard for Security-
minded approach to information management. The fourth
chapter gives an overview of the BIM Execution Plan with
guidelines for users. Chapter five proposes guidelines for
users of BIM and CDE environments. The last two chap-
ters provide a discussion and a conclusion.
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Cloud Computing Security and Privacy
Mechanisms
As the use of BIM and CDE environments increases, so
does the number of security risks and threats that need to
be addressed and successfully mitigated. These mecha-
nisms are crucial to ensure the aspects of data security,
i.e. confidentiality, integrity and availability of data in the
cloud, and provide protection against unauthorised access,
data loss and cybersecurity threats (Manvi and Shyam,
2021).
The security and privacy mechanisms of cloud computing
must be considered on multiple levels in order to provide
users with a comprehensive and trustworthy service. In
this paper, the mechanisms are categorised into data se-
curity, network security, identity and access management,
physical security and standards compliance (see Figure 2).

Figure 2: Cloud computing security levels.

Data security
Data security in the cloud differs from traditional data se-
curity due to its special storage architecture. Cloud com-
puting generally uses distributed storage. Ownership and
control of the data are separated. Users have ownership,
but control lies with the cloud service providers. Current
data protection in the cloud mainly focuses on data stor-
age, transmission and access authentication and is mostly
implemented using cryptography (Xu et al., 2019). By de-
fault, data is written in a human-readable format known as
plain text, which is vulnerable to unauthorised and poten-
tially malicious access when transmitted over a network.
Cloud encryption converts the data into a unreadable for-
mat to ensure confidentiality and even data integrity. It
is a service offered by cloud storage providers that uses
encryption algorithms (Manvi and Shyam, 2021) to con-
vert data into a protected and unreadable form, rendering
the encrypted data unusable without knowledge of the key.

The encryption process can be carried out using various
techniques such as symmetric and asymmetric encryption.
In symmetric cryptography, the same key is used for en-
cryption and decryption, as opposed to asymmetric cryp-
tography, where a pair of public and private keys is used
for encryption and decryption. An important aspect of data
security during transmission or remote storage ismaintain-
ing the integrity of the data. To this end, hash functions can
be used to ensure that the data received is identical to the
original.

Network security
Network security includes the protection of data transmit-
ted over networks such as the internet, the protection of
systems and data from network attacks and the protection
of the network components themselves. A cloud service
provider can ensure the security of the network environ-
ment for users by offering cloud services that ensure en-
cryption of data traffic, network monitoring, analysis and
control of data traffic, virtual private networks (VPN), fire-
walls and secure network services (CSA, 2012).

Identity and access management
Cloud computing has had a significant impact on iden-
tity and access management (IAM). In both public and
private clouds, two parties must work together to manage
IAM without compromising security. Cloud computing
requires significant changes to the methods used to man-
age IAM for internal systems. The most important differ-
ence is the relationship between the cloud provider and
the cloud user. IAM cannot be managed by just one or
the other, so a mutually agreed understanding of respon-
sibilities and a secure relationship for managing identity,
authorisation and access (CSA, 2021a).

Physical security
Physical security mechanisms include various levels of
control and measures to control access and activities. The
cloud service provider, who has control over the physical
infrastructure, is responsible for ensuring this level of se-
curity. It must ensure security against physical attacks as
well as natural disasters and power outages. Every aspect
of the data center, from location and accessibility to power
density and redundancy, must be designed to ensure its se-
curity, resilience and efficiency. However, incidents can
still occur, whether through a natural disaster, a physical
attack or a cyber-attack. It is therefore important that cloud
providers are prepared for such situations and have disaster
recovery mechanisms in place to ensure business continu-
ity.

Shared responsibility model
The Cloud Security Alliance (CSA, 2021b) identifies the
so-called shared responsibility model, which is directly re-
lated to two recommendations for security in cloud appli-
cations:

1. Cloud providers should clearly document their inter-
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nal security controls and characteristics of customers
so that the cloud user can make an informed decision.
Providers should also properly design and implement
these controls.

2. Cloud users should create a responsibility matrix for
each individual project to document who implements
which controls and how.

The shared responsibility model states that when dealing
with cloud computing technology, there are two parties in-
volved who are responsible for implementing and manag-
ing different parts of the stack. Building and maintaining
trust is critical to this relationship.
Cerić et al. (2021) provide a detailed analysis of the ex-
isting literature on trust in megaprojects. The authors
identify three different approaches to the study of trust.
Namely the psychological, the sociological and the eco-
nomic. The psychological approach focuses on the dy-
namics of trust dynamics, while the sociological approach
examines trust within groups and organisations. The eco-
nomic approach, on the other hand, analyses how trust in-
fluences economic interactions. The key factors that con-
tribute to trust in such projects are effective communica-
tion, transparency, reputation and strong relationships.
Trust is an important aspect of construction projects and
it also applies to the collaboration of all parties using or
providing BIM and CDE cloud environments. A trusting
relationship is important for the successful implementation
of these solutions so that the parties involved regulate and
respect the activities of the shared responsibility model.
The basis for establishing and maintaining trust in BIM
and CDE cloud computing environments between the par-
ties involved in the projects must be clearly defined in the
standards and project documentation. The ISO 19650 se-
ries of standards focuses on the management of informa-
tion throughout the lifecycle of a built asset using BIM
(BSI, 2023). The clear instructions for managing the se-
curity and privacy of the information should also be part of
the project documentation, e.g. the BIM Execution Plan.

Standards compliance
In addition to the ISO 19650 series of standards that ap-
ply to information management using building informa-
tion modelling, CDE environments must also comply with
the standards that apply to cloud computing. Cloud com-
puting has attracted increasing attention due to security
concerns and standardised validation and certification is
required to assess cloud security. IT security standards
are a structured approach to IT security based on measur-
able indicators represented by controls (e.g. a checklist) or
general but clear requirements (e.g. clauses or principles)
Di Giulio et al. (2017). The ISO/IEC 27000 family is the
most widely used standard for information security man-
agement systems (ISO, 2023). It contains guidelines for
the establishment, implementation, maintenance and con-
tinuous improvement of an information security manage-
ment system. The ISO/IEC 27001 standard provides in-

structions for the establishment, implementation, mainte-
nance, and continuous improvement of an information se-
curity management system. Compliance with the ISO/IEC
27001 standard means that the organization or company
has established a system to manage risks associated with
the security of data held or processed by the company, and
that this system complies with all the best practices and
principles described in this international standard (ISO,
2022a). In addition to compliancewith the ISO/IEC 27001
standard, consideration should also be given to compliance
with the ISO/IEC 27017 standard, additional controls with
implementation guidance that specifically relate to cloud
services (ISO, 2015). It is intended to complement the rec-
ommendations of the ISO/IEC 27002 (ISO, 2022b) stan-
dard and various other standards in the ISO/IEC 27000
family, such as ISO/IEC 27018 on the privacy implica-
tions of cloud computing (ISO, 2019) and ISO/IEC 27031
on business continuity (ISO, 2011). The ISO/IEC 27018
standard focuses on the protection of personally identifi-
able information (PII) in public clouds that serve as PII
processors (ISO, 2022a). Compliancewith these standards
demonstrates that an organisation has implemented a ro-
bust security management system and is essential for en-
suring the security of data and information in CDE envi-
ronments.

ISO 19650-5 standard
The fifth part of the ISO 19650 ”Organization and digiti-
zation of information about buildings and civil engineer-
ing works, including building information modelling - In-
formation management using building information mod-
elling” series of standards refers to ”Security-minded ap-
proach to information management”. This part of the stan-
dard outlines the requirements for the management of in-
formation security in BIM projects (ISO, 2020).
ISO 19650-5 provides a framework to help organisations
assess security vulnerabilities in BIM and implement con-
trols to mitigate risk. It recognises that the use of BIM
and information management technologies introduces new
vulnerabilities that need to be proactively addressed. The
standard promotes a risk-based approach to security that
can be applied across the organisation. It is designed to
help organisations protect sensitive information and ensure
the security and resilience of assets, products and services
in the built environment (ISO, 2020).
The main part of the standard is divided into six parts,
which establish the need for a security-minded approach
and provide guidance on developing a security strategy,
a management plan with a plan for dealing with security
breaches and outline guidance for working with appointed
parties. In addition, the standard also contains annexes
with further information on (1) the security context, (2)
the types of personnel, physical and technical security con-
trols and the management of information security, (3) the
assessment in relation to the provision of information to
third parties and (4) information sharing agreements.
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BIM Execution Plan
The BIM Execution Plan (BEP) is a comprehensive doc-
ument that helps project stakeholders move forward with
clear roles and expectations. It is an essential element that
must be created before a construction project begins, and
it is a powerful tool for project ownership that drives work
through the various design and construction phases. In-
formation that should be included in the BEP includes (1)
how the data in the BIM files will be created, managed,
documented and shared, (2) elements such as agreed roles
and responsibilities within the BIM process, (3) a strategy
for key deliverables and a guide to key project milestones,
and (4) practical working procedure details. The BEP is a
guiding document that helps the different team members
to identify and execute the various phases of the project. It
can help to present a clear plan with goals and objectives
for each step (Ramage, 2022).
Ramage (2022) identifies seven elements of a good BEP:
(1) clearly defined roles and responsibilities of each team
and organisation, (2) strategic planning, definition of BIM
scope and defined key deliverables, (3) project milestones
and a realistic timeline, (4) project objectives, (5) model
quality control procedures, (6) project reference informa-
tion with key project contacts, and (7) working proce-
dures that include file naming conventions, construction
tolerance expectations, the project approach to annotation,
technology infrastructure needs (including hardware and
software used), BIM iteration management and data trans-
fer management.
In the third version of the BIM Project Execution Planning
Guide (Messner et al., 2021), the authors offer a structured
procedure for the creation and implementation of the BEP.
The five steps within the procedure include:

1. defining the goals for the implementation of BIM,

2. identifying high value model uses during the
project planning, design, construction and opera-
tional phases,

3. designing the BIM execution process through the cre-
ation of process maps

4. defining the information deliverables, and

5. the development of infrastructure in the form of con-
tracts, communication procedures, technology and
quality control to support implementation.

These steps describe the general application of BEP in
a project. While steps 1 to 4 mainly contain guidelines
for BIM implementation and project-specific organisation,
step 5 refers to the technology used. It is essential that this
step includes the definition of the required level of secu-
rity and privacy required, the technologies used and the re-
sponsibilities. The requirements for the technological as-
pect must also be the subject of the contract between the
provider and the customer.

The BEP also provides guidelines for defining the infras-
tructure needs, including hardware, software, networks
and modelling content for the project that will be used for
BIM. It identifies fourteen specific categories to support
the BIM project execution process.

1. BIM Project Execution Plan Overiview: review
of the plan based on the categories developed after
analysing the documents listed below, reviewing cur-
rent execution plans, discussing the issues with in-
dustry experts and revising through a comprehensive
review by various industry organisations.

2. Project Information: contains basic project infor-
mation that can be useful for current and future
projects. It can be used to introduce new members
to the project and help others reviewing the plan to
understand the project.

3. Key Project Contacts: contains the contacts of the
owner, the planners, the consultants, the main con-
tractors, the subcontractors, the manufacturers and
the suppliers of the project.

4. Project Goals / BM Uses: the plan should include a
clear list of BIM goals, the BIM Use Analysis Work-
sheet and specific information on the selected BIM
Uses selected.

5. Organisational roles / Staffing: for each selected
BIM Use, the team must specify which organisa-
tion(s) will staff and perform this Use. This includes
the number of staff by job title required to perform
the BIM Use, the estimated working hours, the main
location where the use will be performed and the lead
organisational contact for this Use.

6. BIM Process Design: the plan should include the
overview map of BIM Uses, a detailed map of each
BIM Use and a description of the elements on each
map.

7. BIM Information Exchanges: the team should doc-
ument the information exchange created as part of the
planning process in the BIM Project Execution Plan.
The information exchange illustrates the model ele-
ments by discipline, level of detail and any specific
attributes that are important to the project.

8. BIMandFacility DataRequirements: project own-
ers can have very specific BIM requirements. It is
important that the plan documents the BIM require-
ments in the format specified by the owner.

9. Collaboration Procedures: the team must develop
its procedures for electronic and active collaboration.
This includes the management of models and stan-
dard meeting actions and agendas.
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10. Quality Control: procedures must be defined and
implemented to ensure model quality at each project
stage and prior to information exchange. Each BIM
created during the life cycle of the project must be
pre-planned taking into account the model content,
the level of detail, the format and the party responsi-
ble for the updates and distribution of the model and
data to various parties.

11. Technological Infrastructure Needs: the team
should determine the requirements for hardware,
software platforms, software licences, networks and
modelling content for the project.

12. Model Structure: the teammust determine themeth-
ods that will ensure the accuracy and scope of the
model. Once the planning team has agreed on the
collaboration methods and technology infrastructure
needs, it should reach a consensus on how the model
will be created, organised, communicated and con-
trolled.

13. Project Deliverables: the project team should con-
sider what deliverables are required by the project
owner. Deliverables should take into account the
project phase, the format of the due date and any other
specific information about the deliverable.

14. Delivery Strategy / Contract: When implementing
BIM in a project, attention should be paid to the de-
livery and contract methods before the project begins.

Guidelines for users of BIM and CDE envi-
ronments
As BIM and CDE environments contain sensitive informa-
tion about construction projects, especially financial infor-
mation, intellectual property and personal data. It is there-
fore important for providers and users of these environ-
ments to take measures to protect the security and privacy
of this data.
Users should be aware that BIM and CDE environments
are based on new cloud technologies. It is important to
verify the provider’s compliance with industry standards.
By demanding compliance with the standards, users can
help to ensure that providers adhere to the rules and stan-
dards and clearly communicate these to their users.
Users need clear guidelines on how to use cloud solutions
correctly in their projects. Based on current standards and
guidelines, users should pay particular attention to the fol-
lowing list that can help protect the security and privacy
of sensitive data in BIM and CDE environments:

• Make a conscious decision about the data you
share. Only share the data that is necessary for the
project. Ask questions about the security of the envi-
ronment snd consult security experts.

• Assign a data security officer for the project. This
person should be responsible for monitoring the se-
curity of the data.

• Research the provider’s security and privacy
mechanisms. Before deciding on a cloud-based
CDE, find out about the provider’s security practises.
Look for providers that are certified to industry stan-
dards.

• Request documentation. Ask for documentation
from the provider outlining security practises.

• Negotiate the terms. Include the security require-
ments and consequences in your contract with the
provider.

Discussion
ISO 19650-5 is a valuable standard that provides a frame-
work for information security in information management
with BIM. However, the standard could be improved by fo-
cusing more on cybersecurity, providing more clarity and
consistency, and offering more detailed guidance on how
to implement security measures. In particular, the stan-
dard should address cybersecurity risks associated with
cloud-based technologies, provide clearer and more spe-
cific guidance, and offer more specific recommendations
for policies, procedures and tools. By improving the stan-
dard, organisations using BIM and CDE and providers can
better protect sensitive information.
The BIM Execution Plan outlines an important proce-
dure for BIM implementation in construction projects.
However, it only focuses on the specifics of construction
projects and does not take into account the information se-
curity and privacy required when using CDE cloud envi-
ronments. An important aspect that is ignored is the use of
suitable providers that can guarantee an appropriate level
of security and meet the required standards for cloud en-
vironments.
The shared responsibility model used in cloud environ-
ments should be included in the BEP, as it clearly defines
which aspects both the provider and the user must guar-
antee and take into account. It would also be necessary to
include in the BEP specific cloud computing technological
aspects that are necessary to ensure security and privacy.
Experts in the construction field do not focus on informa-
tion security aspects. Therefore, collaboration with rele-
vant experts in the field of information security and privacy
is crucial, as construction projects involve a large amount
of often sensitive information.

Conclusion
The use of BIM and CDE environments in construction
projects is becoming increasingly common and serves as
an important tool for more efficient project management
and resource management. With the use of these cloud
technologies, it is also of paramount importance to ensure
robust security and privacy mechanisms to ensure the con-
fidentiality, integrity and availability of data.
In this paper, we have explored the key aspects of ensuring
security and privacy in cloud environments where the user
does not have full control over their data in public clouds.
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A review of the ISO 19650-5 standard, which focuses on
the security-minded approach to informationmanagement,
has shown that it does not provide adequate guidelines for
users and providers of CDE environments to follow when
using them. Even the BEP, which is otherwise a powerful
tool for planning the specifics of a construction project,
does not provide security guidelines.
For safe implementation of BIM and CDE cloud environ-
ments in construction projects, it is critical that all stake-
holders are aware of the dangers that can result from in-
adequate security controls. A shared responsibility model
should be included in the BEP guidelines, clearly stating
which aspects of security must be ensured by both the
provider and the user. Users must be aware of the security
threats and select a suitable provider of a CDE environ-
ment also on the basis of security aspects. In the guidelines
for users of CDE and BIM environments, we provide ad-
vice that can help users choose the right provider for their
security requirements.
A transparent and confidential relationship between the
provider and the user of BIM and CDE environments
is central to the implementation of these environments.
Providers must provide secure solutions, but there is an
incentive for users to ensure that appropriate standards are
maintained and security aspects are properly disclosed to
users so that the services can be trusted.
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Abstract 
Within the construction industry, a variety of tools 
undertake Life Cycle Analysis (LCA), including 
OneClick LCA, Tally and others recently developed. 
Early design decisions provide the biggest opportunity 
to reduce the whole life carbon (WLC) of a design. A 
mixed methodology approach including software 
appraisals, questionnaires and literature reviews found 
that current LCA tools do not encourage a free flowing 
design process and cannot analyse early stage decisions 
for their carbon impact. Integrating BIM and LCA at 
early design stages, reviewing decisions, using modern 
computing techniques and automated analysis is 
essential to addressing and reducing impacts through the 
construction phases. 

Introduction 
There is a growing base of evidence to suggest the 
impact of climate change is having an adverse effect on 
the natural and built environment. One example of 
addressing this is the UN adopting 17 sustainable 
development goals which were adopted by all United 
Nation Member States. These goals stated that ending 
poverty and other deprivations must work alongside 
improving health and education, reducing inequality and 
spurring economic growth, whilst tackling the threat of 
climate change (United Nations, 2015). Within the UK, 
the built environment is responsible for 25% of 
greenhouse gas emissions produced (Environmental 
Audit Committee, 2022). If the UK is to reach their Net 
Zero by 2050 goal, these figures need to be significantly 
reduced. Worldwide, the construction industry is 
currently responsible for 39% of energy related carbon 
emissions with 28% being from operational carbon and 
11% being from embodied carbon (World Green 
Building Council, 2022). The construction industry has 
a vital part to play in addressing the climate emergency. 
Furthermore, the focus of WLC reduction within the 
construction industry is shifting from focussing on 
operational carbon reduction to reducing embodied 
carbon, this is due to the major improvements in the 
operational energy efficiency of the construction sector 
(Victoria and Perera, 2018). Operational carbon 

emissions are also more regulated than embodied carbon 
emissions with policies such as Approved Document L in 
the UK, which regulates operational carbon emissions. 
Currently there are no Government policies within the 
UK that require the assessment or control of embodied 
carbon emissions (Building to net zero: costing carbon 
in construction: Government Response to the 
Committee’s First Report, 2022). Voluntary targets have 
been set in the UK by construction professionals for the 
reduction of embodied and operational carbon, this 
includes targets set by the Low Energy Transformation 
Initiative (LETI) and the Royal Institute of British 
Architects. LETI is a UK based network of built 
environment professionals that are collaboratively 
working towards a zero carbon future for both the planet 
and the UK (leti, n.d.). 
The RIBA has developed the 2030 Climate Challenge, 
this sets a series of targets for Architectural practices to 
meet with the aim to reduce embodied and operational 
carbon (RIBA, 2019). LETI have also published a series 
of guidance documents to be used by construction 
professionals in order to reduce the WLC of the 
construction industry. Architects have a key role in 
reducing emissions within the construction industry, 
with consideration and analysis across all stages of the 
RIBA Plan of Work. Within the design process the key 
design decisions that affect both operational and 
embodied emissions cannot currently be automatically 
analysed and there is no automation within the design 
process. The software currently available, such as 
Autodesk Revit and Autocad, act as an essential tool 
within the design process but do not encourage the 
reduction of emissions. Low carbon design is essential 
within the construction industry in order to address the 
climate crisis. 
The objective of this paper will be to evaluate the 
current processes and software used within the 
architectural design process and use for the calculation 
and reduction of WLC based on a large architectural 
practice in the north east of England. It will also be 
reviewed how embodied carbon is currently calculated 
within architectural practice and whether it is currently 
integrated within the process. Consideration will be 
taken regarding the perception Architects and designers 
have regarding embodied and operational carbon 
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analysis across the RIBA plan of work. This will lead to 
discussions on how the process can be automated using 
IT in order to be integrated into architectural practice. In 
turn this will help draw conclusions on how to reduce 
embodied carbon within the construction industry 
through automation in design and integration of 
analysis. 
The use of Building Information Modelling (BIM) 
within architectural practice is still developing. There are 
still barriers to the implementation of BIM in practice, 
these include lack of awareness, lack of training, training 
expenses and social resistance to change (Ahmed, 
2018). Research has shown that the construction 
industry has been slow in adopting advancements and 
technological innovations that have enhanced workflow 
and productivity within other industries (Ojo and Pye, 
2020). There are a variety of tools that are available that 
both support the utilisation of BIM and tools that 
incorporate LCA. These tools have not been widely 
implemented in practice or across the RIBA plan of 
work, creating a fragmented process. The RIBA plan of 
work organises the process of briefing, designing, 
constructing, maintain and operating into 8 stages 
(RIBA, 2024). The tools need to be seamlessly 
integrated into the RIBA plan of work allowing use 
across the lifecycle of a project. The current fragmented 
approach has not encouraged use of the tools during the 
design process where major design decision affecting 
embodied carbon are made.  

Literature Review 
Through studying relevant literature, from both 
academic and industry sources. The aim was to find out 
information regarding current software, current LCA 
tools, importance of early stage analysis, automation 
within design and the ability to interlink BIM and LCA. 

Current Software and analysis tools 
It is imperative that computational tools are utilised 
within architectural practice, both throughout the design 
process and for LCA.  Within the construction industry 
there are a variety of tools that can conduct LCA of a 
design. These include but are not limited to Tally, One 
Click LCA, Eccolab, HBERT and FCBS Carbon. From 
this list, One Click LCA and Tally are the only tools that 
can be fully integrated into the BIM environment (Al-
Ghamdi and Bilec, 2017). At the early design stages, 
these tools are not able to be utilised as there is not 
enough information within the design to undertake a 
LCA. The majority of tools that have been developed 
are designed for either post-construction evaluations or 
evaluations at the detail design stage, these tools are then 
used as part of scientific research as opposed to as a 
design tool (Meex et al., 2018). 
LCA are currently a data intensive process, requiring a 
high level of information and computing ability by the 
user to calculate the embodied carbon of a design. LCA 
are currently used to give feedback as opposed to being 
able to be used as a tool to improve the design (Röck et 
al., 2018). Currently LCA’s have not been widely 

adopted into architectural practice due to the complexity 
of analysis, the tools are very time consuming to use and 
there are challenges in gathering the required data 
(Kamari, Kotula and Schultz, 2022). 
There is a high demand for a simplified approach to 
LCA that Architects can use within practice, and 
integrate into their current workflow. This will have to 
have an efficient and simple approach that does not 
require the detailed knowledge of LCA (Hollberg and 
Ruth, 2016). In order for LCA to be used and accepted 
into practice, the tools must be seamlessly integrated into 
the workflow and also become embedded in the culture 
of the practice (Means and Guggemos, 2015). 
The Royal Institute of Chartered Surveyors (RICS) have 
released whole life carbon assessment (WLCA) for the 
built environment. This document will provide guidance 
and become the standard for consistent and accurate 
carbon measurement in the built environment (RICS, 
2023). Previously, there was a need to standardise 
embodied carbon measurement as there was a huge 
variation in embodied carbon figures reported, which 
was attributed to the variability of the assumptions made 
in the measurements (Victoria and Perera, 2018). The 
results of assessments are still dependent on a series of 
factors such as system boundaries which are specified in 
BS EN 15978. The boundary choices can make a 
significant difference in embodied energy calculations 
(Dixit et al., 2010). Another variable could include 
choice of material library or data sources, within the UK 
that could include but is not limited to The Inventory of 
Carbon and Energy (ICE) and the Built Environment 
Carbon Database (BECD). 

Building performance Assessment and automation 
within design 

Worldwide there are a variety of building performance 
assessments including BREEAM, LEED, DGNB, 
Estidama and more. The schemes have some key 
differences which include the weighting that they give 
to different environmental categories. The weighting 
systems take into account climate and culture (BSRIA, 
2011). These systems assist in creating goals and 
benchmarks and assist comparing alternative methods, 
however these methods are rarely incorporated at the 
early stages of design development (Häkkinen et al., 
2015). 
Currently there is no continuity throughout the RIBA 
stages in order to assess the WLC of a building 
(O’Sullivan et al., 2004). As it is a fragmented approach, 
current tools and systems have been described as too 
time consuming and complicated to effectively integrate 
into the design process. It was stated that it is important 
to develop the usability of the tools, integrating methods 
for WLCA into the design process, utilising a semi-
automated tool (Häkkinen and Belloni, 2011).   

As IT use within architectural practices is still growing, 
especially the use of BIM, design automation needs to 
be 
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utilised. Design automation applications can show the 
environmental impact schemes can have, providing the 
opportunity to evaluate early design decisions against 
the WLC of a project. This can be done using a set of 
rules or parameters that evaluate the design (Gerth et al., 
2016). Automation can also be utilised in order to reuse 
solutions that have been used on other projects, 
removing some of the routine work from the workflow 
of a project, allowing the designer to focus on other 
areas of the project (Gerth et al., 2016). 
Digital tools provide the opportunity to decrease the 
additional work that is required to accurately undertake 
a life cycle assessment. Workflows have been developed 
to connect an LCA database such as the Inventory of 
Carbon and Energy (ICE) to a BIM software. For 
example there are cases where Dynamo for Autodesk 
Revit has been utilised (Hollberg, Genova and Habert, 
2020). BIM and LCA have the potential to overcome the 
time consuming nature of undertaking a LCA, which 
will in turn facilitate the integration of environmental 
analysis, obtaining quick results about the impact of a 
building from an early design stage (Kamari, Kotula and 
Schultz, 2022). Soust-Verdauger et al. (2017) highlight 
significant challenges in the interoperability among the 
various applications, software integration of BIM and 
LCA and the amount of data that is required for LCA. It 
was also discussed that BIM-LCA integration will only 
be useful if the results and amount of data provided are 
user friendly (Soust-Verdaguer, Llatas and García-
Martínez, 2017). These tools are able to be used when 
there is a high LOD in the design. 

Early Stage Analysis 
The majority of Architectural practices currently rely on 
in-house knowledge to make design decisions regarding 
WLC due to lack of access to specialist knowledge or 
simple design tools (Meex et al., 2018). Meex et al. 
(2018) also stated that in the earliest design stages 
Architects define the WLC of a building over its whole 
life cycle, often unknowingly, due to the lack of 
availability of analytical tools. Dunant et al stated that 
good early stage design decisions can halve embodied 
carbon (Dunant et al., 2021). To achieve this, it has been 
stated that designers have to have a greater 
understanding of which material and dimensioning 
decisions most significantly determine a building’s 
environmental impact and which decisions are less 
important (Basbagill et al., 2013). It has been discussed 
that the building design process does not have the tools 
to analyse and consider WLC in the early stages of 
design. The most fundamental decisions which will 
affect the WLC of a building are conducted at an early 
stage. WLC reduction is not limited to material selection 
at an early stage design stage. It is widely discussed that 
a better form factor can make a huge difference in the 
reduction of embodied and operational carbon (make, 
2021). Other considerations that should be analysed at 
an early design stage include window to wall ratio, 

orientation and structural grid spacings (Dunant et al., 
2021). Basbagill et al. (2013) stated that considering 
shape and orientation during the early design stages, it is 
possible to reduce a designs environmental impact by 
40%. According to Dunant et al. (2021), the typical 
building frame could have 40-60% less embodied 
carbon if a simple structural grid was chosen over a 
complex frame.  

Window to wall ratio has a great impact on the 
operational energy of a building. Higher window to wall 
ratio is expected to be associated with increased heating 
energy due to more conductive loss through larger 
windows, but decreased lighting energy because bigger 
windows let in more daylight (Troup et al., 2019). An 
optimal window to wall ratio needs to be considered, 
this is one that minimises the sum of the energy use for 
heating, cooling and lighting (Goia, 2016). The 
optimum figure for different building typologies needs 
to be taken into account at early design stages. A 
building’s orientation combined with its glazing ratio is 
key to minimising energy demand (LETI, 2020). LETI 
conducted a study that proved difference orientations of 
a building can almost double the space heating demand 
of a building (LETI, 2020). 

Currently analysis is usually carried out after the detailed 
design stage has taken place. This is due to earlier stages 
of the BIM model having a low Level of Development 
(LOD), where generic building elements are used and 
accurate whole life carbon analysis cannot take place 
(Röck et al., 2018). Whilst analysis at a later stage gives 
more accurate data with the higher LOD, the ability to 
influence change is significantly lower. LCA should be 
able to take place at the earliest BIM LOD (LOD 100) in 
order to have the highest impact throughout the design. 
Changes to the developed design following later stage 
analysis will have larger cost implications than at an 
earlier stage, and the ability to influence change is lower 
(Gervásio et al., 2014).  Gervásio et al. (2014) suggest 
an approach that involves a set of pre-defined 
construction components which incorporate embodied 
carbon impacts. This will provide the designer with the 
ability to compare options. Similar analysis is available 
within the H\B:ERT tool, an open source Revit tool that 
allows the designer to analyse building components 
(Hawkins Brown n.d.). 

Methodology and Approach 

Questionnaire 

In order to gather data from a wide range of participants 
across a variety of stages of their careers in the field of 
Architecture, a questionnaire was undertaken. This 
included but was not limited to Architectural 
Technologists, Architects and Architectural Directors. 
Being able to gain information on the level of the 
participants career pinpointed the gaps in knowledge 
and skills within architectural practice. The questionnaire 

896



was systematically constructed following the process of  
the RIBA plan of work. It was structured to review 
strategies for assessing carbon impacts and gaps in 
knowledge/software across the RIBA plan of work. The 
questionnaire discusses levels of knowledge of WLC, 
analysis conducted within practice and software used at 
different RIBA stages.  

Review of Current Software and workflow 
There has been a variety of LCA tools, utilising 
different carbon databases. In order to gain an 
understanding of the opportunities and constraints of 
existing tools and software, a range of LCA tools will be 
reviewed. It will be considered how they will be able to 
be implemented into practice and into the workflow of a 
project. 
Through the sources mentioned above, a workflow 
within practice will be identified. The workflow will be 
analysed and areas will be identified that would benefit 
from automation and LCA using IT within the design 
process. This will lead to a process or framework being 
developed that will assist in the reduction of embodied 
and operational carbon over the all stages of the RIBA 
plan of work, utilising appropriate tools. 

Results 
Questionnaire 

The results of the questionnaire covered a wide spread of 
people across various stages of their career.  
The results provided an insight of when the design 
process progressed from 2D on paper to 3D utilising 
Computer Aided Design (CAD). CAD  was used from 
RIBA Stage 2, Concept Design. The main software used 
according to the participants was Autodesk Revit, which 
is a software that supports BIM management 
(breakwithanarchitect, 2018). 

 Only one participant had conducted LCA on a project, 
with 78% never having conducted or outsourced an 
assessment. The one participant that had conducted LCA 
stated that they completed it at RIBA Stage 4 as it was a 
requirement of the project brief. 

All of the participants stated that more guidance is 
needed within architectural practices to reduce 
embodied carbon at early design stages and throughout 
the project. 
The most common response for lack of integration of 
embodied carbon analysis is the lack of knowledge and 
time. Alongside this there were comments about the lack 
of suitable software in order to automate the process. It 
was discussed that the more automated the process of 
analysis, the more likely it will be to be integrated into 
the design process. It was also commented that the main 
tools that are currently used do not produce live 
feedback and make reviewing design changes possible. 
Furthermore they are more mathematical as opposed to 
using design data, with a data heavy interface, making 
them unappealing to the design based users. They do not 
provide results that are easy to understand and are not 
visual. 

Review of Current Software and workflow 

A review of a range of tools and software was 
undertaken. The tools chosen are primarily aimed for 
use within Architectural practice, reducing the WLC of a 
project. 
The first tool that was reviewed was OneClick LCA, this 
tool has the ability to extract information from a Revit 
model. This tool can only be utilised if the design is fully 
developed and the materials have been correctly set. 
Given the detail required, this will be used at RIBA 
Stage 4. It is also reliant on the Revit model being 
accurately and correctly modelled. Once the analysis has 
been conducted on the OneClick LCA web platform, it 
is necessary to manually check the analysis to confirm 

Stage 0 Stage 1
Stage 2 Stage 3
Stage 4 Stage 5
Stage 6 Stage 7
Unsure / Not Considered

Figure 1: At what RIBA stage do you begin to use Revit 

50% of participants thought that the key decisions 
regarding embodied carbon in a project were made 
at RIBA Stage 3 (Spatial Coordination). 22% stated 
that they considered the key decisions to be made at 
RIBA Stage 4 (Detailed Design).

Stage 0 Stage 1
Stage 2 Stage 3
Stage 4 Stage 5
Stage 6 Stage 7
Unsure / Not Considered

Figure 2: At what stage do you think the key decisions 
regarding embodied carbon are currently made on our projects
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accuracy, this is a very time consuming process. 
OneClick LCA can compare a variety of EPD’s, and 
states that it has the worlds largest construction LCA 
database (One Click LCA® software, n.d.). 
FCBS Carbon is an excel based tool and requires all 
information to be manually input. The tool uses data 
from the Inventory of Carbon and Energy (ICE) and 
product EPD’s (portal.fcbstudios.com, n.d.). The tool 
can be utilised at an earlier stage of design, but quantities 
and material choices are still required.  
Within Architectural Practice, Computer Aided Design 
(CAD) is utilised from RIBA Stage 2. No evidence was 
gathered showing that embodied carbon was analysed at 
this stage, or further through the project. This was 
supported by the literature that the sector is resistance to 
new innovation technologies. Work by Alwan and Ilhan 
Jones, 2022 claimed that  within the industry, one of the 
main barriers is the resistance to change from the 
traditional working practices alongside the time required 
to adapt to new innovative technologies. 

Discussion 
The results show on the whole that there is a 
requirement for both early stage LCA analysis and also 
simpler and more accessible design tools to be put in 
place to implement this throughout architectural practice. 
This is an important development to pursue, with the 
goal to reduce the environmental impact of the 
construction industry. This study has reinforced the need 
for development within architectural practice focussing 
on linking LCA and BIM. The literature has shown that 
it is 

not possible to conduct an accurate LCA at early design 
stages. Even though the current tools available cannot 
accurately measure WLC at early design stages, 
decisions can be made that affect the WLC of a project. 
Current literature shows that early stage design 
decisions can significantly reduce the WLC of a project. 
These early stage design decisions need to be analysed 
in order to set the design on the right trajectory to lower 
WLC. The comments received in the questionnaire also 
stated that more guidance is needed both with regard to 
design decisions and material choices.  
The results of the questionnaire suggest that the key 
decisions regarding WLC are made at RIBA Stage 3. 
Existing literature suggests that these decisions are in 
fact made at RIBA Stage 2. As both sources state that the 
most important decisions regarding WLC are made in 
the early stages of the design process, it is evident that 
further tools and guidance is needed within the industry 
to assist in decision making. The early stage design 
decisions need to be analysed in order to provide 
guidance in low carbon design. The analysis needs to be 
undertaken as an automated process so that it can run 
hand in hand with the standard design process. This will 
encourage the new system to be widely adopted, 
especially if the process is neither complex or time 
consuming. Having design analysis from RIBA Stage 2 
will assist in the reduction of WLC, before material 
selection takes place. The results discuss that key early 
design decisions effect the WLC of a project before 
material selection takes place. 

Figure 3: Existing and proposed workflow 
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With Revit being used from RIBA Stage 2, automation 
of analysis using IT tools within the design process 
would be able to be implemented from an early stage. 
Alongside this, using computer modelling from concept 
design stage should allow embodied carbon analysis to 
take place throughout the design process and through the 
RIBA work stages. Analysing the project from early 
stages will allow the design process to be influenced by 
constantly reviewing the information. Integrating 
analysis through an automated process at an early stage 
will assist in this decision making, increasing the ability 
to reduce embodied carbon from an early stage. With the 
industry being resistant to change from the traditional 
process, the tool will have to be simple to use and 
analyse the results, as well as not being a time 
consuming process.  
Following analysis of both the questionnaire and 
existing software available it is obvious that there is a 
gap within Architectural Practice regarding automated 
LCA within the project workflow. The tools that are 
currently available either require a higher skill level than 
is available in practice or are time consuming to 
undertake. This is evident in the fact that only one 
participant had made use of a LCA tool within their 
projects. Furthermore, as the analysis was only 
conducted at RIBA Stage 4, we have to consider whether 
this had an impact on the final design, or whether the 
tool was used to only report the impact. 

Conclusion 
Analysis has confirmed that there is a gap in WLC 
design and analysis during the concept design stage or 
RIBA Stage 2. The tools currently available can analyse 
projects with a high LOD and the tools require a high 
skill level and are time consuming. Creating an IT based 
tool that is able to be utilised at an early concept design 
stage where we have the ability to have the biggest 
impact on the WLC of a project is necessary.  
After reviewing relevant literature it is apparent that it is 
not possible to accurately undertake LCA at early stages 
of a design. The literature did provide an insight into the 
fact that early stage design decisions can have a large 
impact into the WLC of a project. These early stage 
decisions need to be analysed, this will provide guidance 
to the designer that the decisions made will set the 
project on the right trajectory to reduce the WLC. As the 
survey states, key decisions regarding WLC are made at 
RIBA 2 & 3, as this is where the major design decisions 
are made, setting the trajectory of the project. 
A tool needs to be developed that can analyse early stage 
design decisions and provide the designer with feedback 
about the decisions they make. With the lack of detail at 
early stages, properties analysed will include form 
factor, window to wall ratio, structural grid and 
orientation. In line with the tool, a series of benchmarks 
need to be developed so that the designer understands 
the decisions that are being made. Following the 
analysis, it is not 

possible to conduct an accurate LCA at early design 
stages.  
Following the feedback, this tool will have to be 
automated and take information from the model and 
provide the designer with a graphical representation of 
any carbon hotspots and room for improvement. The 
tool will have to be digitally integrated into the workflow 
of a construction project, giving design guidance 
throughout the process. This research shows that there is 
a need for future tools and gives the foundations for a 
future tool to be developed. The analytical process 
conducted within architectural practice shows the need 
for a design based tool that utilises IT tools that are 
integrated into the design and construction process. 
In conclusion it is apparent that there is a gap in early 
stage analysis. Following this initial research a tool will 
be developed that can be utilised from RIBA Stage 2. 
The tool will assess early stage design decisions such as 
form factor, window to wall ratio, structural grid and 
orientation automatically through a Revit based plugin, 
assisting the designer in making decisions that will 
affect the WLC of a project before being able to conduct 
LCA.  
This research is being developed as part of a two year 
Knowledge Transfer Partnership funded by Innovate UK 
and UK Research and Innovation. This research will 
continue to be developed as part of the Knowledge 
Transfer Partnership. 
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Abstract 

The study explores the topic of digital transition applied 
to fire prevention. It investigates the potential of Industry 
Foundation Classes (IFC) implementation in Fire Safety 
Engineering. Literature review highlights that, at this 
moment, IFC classes and attributes related to fire 
prevention are limited and poorly defined. In particular, 
the study analyses the reaction to fire of building elements 
and develops an algorithm that automates the code 
checking process through an experimental application 
based on a simplified building model. The results prove 
that the IFC data model is promising for the Fire 
Prevention Code’s digitization. 

Introduction 

In recent years, the AEC industry has undergone many 
changes due to the progressive implementation of 
Building Information Modeling (BIM). Globally, based 
on the ISO 19650 standard, the use of open formats has 
become mandatory to ensure interoperability among 
various actors and to protect data transmission throughout 
the building lifecycle. In this sense, ISO 16739 defines the 
Industry Foundation Classes (IFC) format as an 
international standard for information exchange within 
BIM processes. Despite the ambitions, the standard is not 
fully usable. To date, some engineering topics, such as 
energetics and its simulations, acoustics, fire protection or 
maintenance scheduling, are not yet fully manageable 
through the IFC standard. The main problem concerns the 
lack of a common international standard for engineering 
domains. Each country, having its own legislation, 
imposes different approaches that prevent a unified 
vision. This is notably typical in the field of fire 
prevention. An initial harmonization effort among 
European states concerns the reaction to fire of building 
materials. Many countries use Euro-classes to classify the 
reaction to fire of materials (Zaccarelli, 2020). Even Italy, 
while having its own system, has made mandatory for 
manufacturers to use products classified only according to 
the Euro-classes since October 2023. 
To encourage digitization, in the 2020 the National Fire 
Service promoted the Fire Digital Check (FDC) project 

with the circular STAFFCNVVF prot. n. 18332, which 
aimed at the acceptance of the requirements of the 
Ministerial Decree 560/17. The final goal of this project 
is to automate the verification of the authorization 
process, thus reducing the time to verify projects 
compliancy, optimizing resources and at the same time 
ensuring greater control of projects, which results in high 
levels of safety and quality (Negri, 2022).  
This initiative is aligned with the activity of the 
Regulatory Room of BuildingSMART, which points at 
the automation and digitization of building approvals 
(Moreno, 2020). 
To achieve it, the FDC project identified three steps: 
1. Digitization of the code: digitize and standardize the

language for compiling a fire prevention project;
2. Project validation/verification: digitize and standardize

the verification process of a fire prevention project to
automate the check;

3. Performance management: digitize and standardize the
performance management language for the entire life
of the building also in terms of fire prevention.

Currently, only the first of the three steps outlined by the 
FDC has been analysed and lead to the creation of 
proprietary parameters (Lala et al., 2022). However, the 
work does not consider the actual development of the IFC 
standard; actually, proprietary parameters were created to 
describe information which was already available in IFC 
data model. This study, first, focuses on the reaction to 
fire to demonstrate the feasibility of digitizing the Italian 
Fire Prevention Code predominantly through the use of 
native IFC parameters; second, it wants to demonstrate 
how it is possible to pursue, the automation of project 
approval based on the ISO 16739 standard, in accordance 
with BuildingSMART's Regulatory Room and the 
principles behind the FDC project,. A small project was 
implemented with the identified parameters, and finally, 
using a Python script, it was possible to check the 
compliancy of the information model with the national 
standard. 
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Background 

Italian Fire Prevention Code and reaction to fire 

According to a study conducted by a European 
Commission of 34 countries, only 30 of them have a 
legislation based on a performance approach 
(Athanasopoulou et al., 2023). The change for most states 
came after 2015. In Italy, just in 2015, with the approval 
of the new Fire Prevention Code, there was a shift from a 
prescriptive approach to a performance based one. 
This transition requires a technical understanding of fire 
safety principles, followed by the application of proven 
engineering methods and calculations (Puchovsky, 1996). 
Through a performance regulation, it is possible to 
identify, from the actual fire risk, a precise strategy 
targeted to the needs of the specific project. 
The Italian Fire Prevention Code is divided into four parts, 
two of them were analyzed: sections G and S. In the first 
section, the risk profiles of activities and the methods for 
their determination are defined. In the second section, ten 
fire prevention measures applicable to all activities are 
described. The first measure is reaction to fire. 
Reaction to fire expresses the “behaviour of a material 
that, with its decomposition, participates in a fire to which 
it has been subjected under specific conditions”(Ponziani, 
2019). It is a passive measure of fire protection that effects 
the fire prevention strategy in the initial phase (pre-
flashover phase). This measure delays the achievement of 
the flashover condition because it limits the ignition and 
participation of materials in combustion, preventing or 
delaying the spread of fire and smoke. 
On a regulatory level, the degree of material participation 
is assigned through the determination of certain classes of 
reaction to fire. These must be assigned to all building 
materials and products, including coatings, insulation, 
mobile fittings, and curtains.  
This performance specification is assigned by laboratory 
tests performed by technical reference standards, through 
which specific classes of reaction to fire are determined. 
In the Italian Fire Prevention Code minimum reaction to 
fire classifications are expressed, referring both to Italian 
and European classification systems. These are given for 
each performance level. From 2022 with Ministerial 
Decree No.251 of 14/10/2022, the use of Italian classes 
for the classification of reaction to fire of construction 
products is no longer allowed. These products become 
classifiable only with the European classes according to 
EN 13501-1. 
The Italian reaction to fire classifications, indicated with 
[Ita], refer to the DM 26/06/1984 which identifies six 
classes: from class 0, relative to non-combustible 
materials, to class 5 with the increasing of the material's 
participation in combustion. These classes refer to 
furnishing materials and products, such as furniture, 
moquettes, curtains, blankets and parquet floors, but also 
to scenic elements and tent covers. The reaction to fire 

class for upholstered furniture (armchairs, sofas, 
mattresses, upholstered chairs) are 1IM, 2IM, 3IM, this 
increases as the fire participation rate increases. The 
reaction to fire class assigned must refer to the whole 
composition of the covering, the upholstery and any 
interposed element. 
European reaction to fire classes is only assigned to 
products compliant to Regulation 305/2011/EU 
concerning construction products, with reference to DM 
10/3/2005. In Code's tables, they are indicated with the 
abbreviation [EU]. According to the EN 13501-1: 2018, 
the European classification is carried out by an 
alphanumeric code made up of the combination of main 
classes (A1, A2, B, C, D, E, F) with complementary 
classes relating to smoke production (s1, s2, s3), flaming 
droplets (d0, d1, d2) and acid smoke production (a1, a2, 
a3). 

Table 1: Additional classification for smoke production 

Acronym Description 

s3 No limitation of smoke production required 

s2 
The total smoke production as well as the 
ratio of increase in smoke production are 

limited 

s1 More stringent criteria than s2 are satisfied 

Table 2: Additional classification for flaming droplets 

Acronym Description 

d2 No limitation 

d1 
No flaming droplets/particles persisting 

longer than a given time occurred 

d0 No flaming droplets/particles occurred 

Products that, although not intrinsically hazardous, have 
not yet been classified (Sabatino et al., 2021) belong to 
class F. Moreover, subscript abbreviations are sometimes 
added to the main classes in the following cases:  
• fl in the case of floor products;
• L in the case of linear thermal insulation;
• ca in the case of electrical cables.
The compliance check of materials' behaviour in terms of 
reaction to fire depends on the performance levels 
assigned. Thus, it is necessary to establish the 
performance levels for each area of the activity through 
the attribution criteria. These are indicative and in the case 
of reaction to fire, a distinction is made between an escape 
route and a room. This distinction is necessary because of 
the importance of escape routes in saving lives, which 
require a more demanding performance. Consequently, 
the accepted performance level for rooms is generally 
immediately lower than the one indicated for escape 
routes of the corresponding risk profile.  
As shown in Table 3, four performance levels were 
identified, each with its own description in qualitative 

903



terms. It emerges that only those spaces falling within 
performance levels II, III and IV are those in which the 
participation of materials in combustion is to be limited 
(Dattilo & Cavriani, 2019). 

Table 3: Reaction to fire's performance levels 

Performance 
level 

Description 

I The contribution of materials to the fire 
is not assessed 

II The contribution of materials to the fire 
is significant 

III The contribution of materials to the fire 
is moderate 

IV The contribution of materials to the fire 
is almost negligible 

For each performance level there is a corresponding 
compliant solution which consists of the use of materials 
belonging to certain groups (GM) identified by a number 
varying from 0 to 4 as their contribution to the fire 
increases. 
The GM0 materials group does not make any contribution 
to fire and consist of all those materials with Italian 
reaction to fire class 0 or European reaction to fire class 
A1. It includes all the, so-called, incombustible materials. 
Materials group GM4, on the other hand, consist of all the 
ones that are not included in groups GM0, GM1, GM2, 
GM3. Thus, it includes unclassified materials and class F 
construction products. Since there is no requirement at the 
first performance level, compliant solutions are only 
defined for performance levels II, III and IV as shown in 
Table 4. 

Table 4: Compliant solutions for each performance level 

Performance level Compliant solutions 

I No requirement 

II GM3 

III GM2 

IV GM1 

The reaction to fire classes of materials included in 
materials groups GM1, GM2, GM3 are specified from 
table S.1-5 to table S.1-8 of the Italian Fire Prevention 
Code. 

Reliability of IFC data model to support BIM based 

Fire Safety code checking 

IFC is an international standard, organized into 
hierarchical classes through which the building system 
can be described. IFC should describe all aspects of all 
engineering disciplines through entity, types and 
relationships. 
All subjects, from different disciplines, can use the IFC 
standard to exchange information. To ensure fast and 
lightweight exchange, IFC can be filtered with reference 

to the Model View Definitions (MVD). BuildingSMART 
has created many official MVDs. Currently, a sponsor 
search is underway to build a new MVD dedicated to 
FireSafety Engineering. The main limitation always 
concerns the lack of single legislation, in fact this new 
MVD is a consequence of a proposal of the International 
Fire Safety Standards (IFSS) Coalition. To reach "the first 
agreement on fire safety actions on an international scale", 
the consortium agreed to a 10-year commitment until 
2032  (buildingSMART International, 2022). Without the 
IFC standard the exchange of information between the 
various subjects would be much longer and complicated 
because the various software would have to find a way to 
talk to each other, instead by using the IFC standard all 
software would be able to speak the same language 
(Laakso & Student, 2012). To ensure a future in the AEC 
industry based on interoperability among various players, 
BuildingSMART continues to rework and improve the 
IFC standard. With the roadmap developed in 2020, the 
organization wanted to emphasize how the future of the 
construction industry must move away from adopting 
solutions that do not work "out of the box" and embrace 
generic solutions (buildingSMART, 2020). 
However, the use of IFC encounters difficulties related to 
incorrect use by actors and inappropriate reading and 
writing by some software. In the field of fire prevention, 
the prime example of a lack of standardized 
communication between different software is with fire 
dynamic simulation (FDS). To be able to simulate the fire, 
inside the building, simulation software first needs 
geometric information. Although within the IFC data 
model the geometric and spatial structure is well defined 
many studies have shown that it is not so easy for dynamic 
simulation software to receive information from the 
standard (Dimyadi et al., 2008) (Shi et al., 2019). Most 
software can only read CAD and DXF format so all 
relational information cannot be exported and read, or 
software only processes a limited set of data from IFC, 
sufficient to obtain basic building geometry and 
properties (Spearpoint & Dimyadi, 2007). Another 
research (Siddiqui et al., 2021) highlights the difficulty of 
operators in exchanging performance information. Most 
fire and evacuation modelling tools do not export results 
via open formats, while those that are able to do so, limit 
the export to geometric data, and not to the information 
that must be provided. The most obvious problem relates 
to the gaps that IFC has in relation to fire prevention 
regulations. 
Previous research (Zanchetta et al., 2023) highlights 
precisely the limitations of the IFC data model with 
reference to some aspects of fire prevention. This research 
shows how to include information related to fire 
resistance, compartmentalization, and evacuation; it also 
introduces the discussion related to the reaction to fire of 
the materials highlighting how a unified reference is 
lacking. This lack leads different parties to freely create 
proprietary parameters, although they are already 
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available in the standard, clashing with the concept of 
interoperability. One draft project, developed by a team 
related to the Italian Fire Digital Check project followed 
this second approach. Although the IFC standard was 
analysed, the team merely transcribed the Fire Prevention 
Code through a set of proprietary parameters. Regarding 
the reaction to fire class, the research team created a 
proprietary PropertySet named "VVF_Reazione al fuoco" 
within which there is the property to express the fire 
reaction class "Classe di reazione al fuoco".  

BIM and automated code checking 

Regulatory check is one of the aspects most prone to 
human error, so in recent years there has been an 
increasing interest toward automation. Automated rule 
checking (Eastman et al., 2009) consists of verifying that 
the project meets certain requirements. Rules should have 
the outcome “passed”, “failed”, “warning”, and it can be 
structured into four stages: (1) rule interpretation and 
logical structuring of rules for their application; (2) 
building model preparation, where the necessary 
information required for checking is prepared; (3) the rule 
execution phase, which carries out the checking, and (4) 
the reporting of the checking results. 
There are several approaches available in literature related 
to automated rule checking. These are divided into 
systems known as “black box” and “white box” (Nidhra, 
2012). The first ones involve the use of specific software 
generally difficult to implement and built through hard 
coding, while the second ones are transparent and involve 
the use of programming with codes or through visual 
programming tools (Ghannad et al., 2019). The latter 
approach is widely used mainly for the easy accessibility. 
The software-based code is proving to be a popular choice 
for public administrations, which are thus able to combine 
a simplification of project approval work and with a 
potential saving of time and costs (Eastman et al., 2009). 
The most famous project is undoubtedly Singapore's 
CORENET (COnstruction and Real Estate NETwork), 
founded by the Minister of National Development 
(available at https://www.corenet.gov.sg/general/e-
info.aspx). This project consists of three modules: 
CORENET e-Submission, CORENET e-PlanCheck and 
CORENET e-Info. With the e-PlanCheck module and 
FORENAX, it is possible to conduct a code check that 
includes different standards including those related to the 
fire Code (Greenwood et al., 2010). This project is a 
technology initiative that aimed to bring Singapore to the 
full integration of the phases of a building's lifecycle using 
IFC building model data. 
This project was emulated in Norway with ByggSok 
project. The pilot project HITOS was checked with 
Solibri Model Checker (SMC) an IFC based commercial 
solution used for code checking. This software reads IFC 
model and is based on the Norwegian Stats'bugg 
handbook.  

SMC and CORENET like many other applications, 
however, are “black box” because they present a set of 
rules that can be modified by the user and adapted to the 
specific project. On behalf they do not maintain the same 
freedom in creating new rules; the user must work on the 
product API to create them, which, however, are not 
public but only the developers themselves have access to 
them. (Simone et al., 2017). 
Another approach to code checking is offered by visual 
programming solutions, which referring plug-ins such as 
Dynamo for Revit and Grasshopper for Rhino that support 
visual programming. A method, based on Dynamo, 
combines a semantic translation of the Malaysian fire 
safety regulations and the corresponding properties in 
Revit (Ismail et al., 2023). The regulations phrases are 
marked-up with four types of markers, using two of them 
(“requirements” and “exceptions”) to identify the 
necessary parameters in Revit. Eight scripts in Dynamo 
are created to check the compliance of the BIM modelled 
elements with the regulation’s provisions. Although this 
approach is very interesting, especially for the semantic 
translation implemented on regulatory aspects, it is a 
method focused on Revit's proprietary format and 
Dynamo, leaving no room for implementations in open 
formats. 
Visual programming offers ease of programming and 
access to information, but it is based on solutions tied to 
proprietary formats as opposed to solutions implemented 
through scripts in python or java, which offer a wide range 
of completely open-source tools. IfcOpenShell is a python 
module which allows access to the elements contained in 
an IFC file and their properties, and its use is widespread 
because of its ease in extracting, manipulating, and 
creating information in an IFC data model. Several 
examples showing the potential of IfcOpenShell and its 
ability to extract information are available in literature 
(Narinder Singh et al., 2020; Singh et al., 2022). An 
interesting example of this Python module is used in an 
automated implementation of escape route information in 
IFC files (Haselberger, 2023). 
The last relevant approach to code checking lies in the 
semantic web and graph databases. An interesting 
example (Peng & Liu, 2023) proposes an automatic code 
compliance checking based on BIM and Web technology. 
This study added the technique of knowledge graph to the 
structured processing of the rules. Its power lies in the 
application of natural language processing techniques to 
transform requirements into checking rules in the form of 
knowledge graphs. 

Experimentation 

In this section, it is illustrated the experimentation 
concerning the digitization of the reaction to fire measure. 
The purpose of this experimentation is to demonstrate that 
it is possible, through painstaking research, analysis, and 
definition, to achieve the objectives of the Fire Digital 
Check using exclusively ISO 16739. This turns out to be 
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much more correct for the collaboration, interoperability 
and knowledge reuse because it does not consider 
parameters defined arbitrarily but relies on parameters 
already defined within an international and recognized 
standard, embracing the OpenBIM methodology. The 
following sub-sections explain the conceptual workflow 
and the translation in OpenBIM protocols. 

Model construction 

To test the experimental application, it was decided to 
consider a prototype nursing home. Therefore, the risk 
profile concerning human life safety (Rlife), determined by 
the prevailing characteristics of the occupants, would be 
either D1 or D2. This assumption will then be used to 
determine the performance levels to be associated to the 
spaces. The digital model was developed using 
Autodesk's Revit. The modelled building, rectangular in 
shape, consists of two floors above ground, identically 
spaced. Each of the two floors, connected by a stairwell, 
consists of three rooms of equal size and a hallway (Figure 
1, Figure 2, Figure 3). 

Figure 1: First-floor rooms 

Figure 2: Second-floor rooms 

Figure 3: Building's Revit model 

Check procedure 

Before proceeding with the experiments, a verification 
procedure was devised. Starting with a room, which 
defines the required performance level, it is possible to 
identify all the boundary elements and, for each of them, 
check if their reaction to fire classes is compliant or not. 

Figure 4: The assumed check procedure 

Analysis of IFC attributes 

For the study, the IFC version used is 4.3.2.0, made 
official in January 2024 (buildingSMART International, 
2024).  
Before compiling in the model the reaction to fire 
properties, it was necessary to understand where the 
information had to be placed according to IFC. 
Reaction to fire is essentially a material property. In IFC 
materials are described through the class IfcMaterial. This 
entity is part of the resource domain, so it is just used to 
describe objects, it cannot have an instance of its own but 
must be related through IfcRelAssociatesMaterial to an 
entity of a higher layer. The entities in the resource layer 
do not have a unique identifier (Laakso & Student, 2012). 
For this reason, to clearly identify the uncompliant 
elements of the building, the reaction to fire property must 
be related to an object itself and not be attributed trough 
the material. This property can be attributed to objects 
such as walls, covering, roofs, siding, floors. Entities 
hierarchically lower than IfcBuiltElement and their 
properties were analysed. Specifically, the IfcWall, 
IfcCovering, IfcSlab and IfcRoof entities were analysed. 
Regarding the reaction to fire performance of the 
elements, it was seen that IfcWall, IfcSlab, IfcCovering 
have two interesting properties: Combustible and 

SurfaceSpreadOfFlame. As highlighted in the previous 
research (Zanchetta et al., 2023) IfcCovering has a further 
possible property: FlammabilityRating. IfcRoof, instead, 
has none of these properties, as shown in Table 5. 

Table 5: Entities of the IFC data model and the highlighted 

properties 

Property 

Flammabilit
yRating 

SurfaceSpre
adOfFlame 

Combustibl
e 

IfcCovering ✓ ✓ ✓

IfcRoof 

IfcSlab ✓ ✓

IfcWall ✓ ✓
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Firstly, the properties FlammabilityRating and 
SurfaceSpreadOfFlame can be filled in with a string of 
text or numbers up to a maximum of 255 characters, while 
the property Combustible can assume a boolean value. 
The boolean value TRUE indicates that the object is made 
up of combustible material. If only this property is 
compiled, it could be assumed whether the material is 
combustible or not and thus whether it belongs to the 
GM0 material group (European class A1 and Italian class 
0). However, this information is not relevant for the 
purpose of this research, because it does not provide any 
information about the specific reaction to fire class of the 
material and is therefore not useful for automatic 
verification of regulatory compliance. To best specify the 
fire behaviour of a material, it is necessary to assign to it 
a specific reaction to fire class, so the study proposes the 
inclusion of the specific class within the property.  
FlammabilityRating and SurfaceSpreadOfFlame are very 
similar to each other (Table 6). The first one refers to the 
flammability of materials and the second to the way 
flames spread on the surface. The SurfaceSpreadOfFlame 
property seems to refer to the British standard, BS 476: 
Part 7: 1997, which defines a test method to measure 
lateral flame spread along wall and ceiling surfaces. The 
standard identifies four classes, from 1 to 4, of which 
Class 1 is the best in terms of flame propagation. 
However, this test doesn’t specify the combustibility of a 
material. Instead, the European system based on 
Euroclasses (EN 13501-1, 2018), introduced in 2000 to 
eliminate trade barriers between member states and 
ensure consistent quality levels, refers to the reaction to 
fire of materials by considering not only the spread of 
flames but also many aspects, such as combustibility, the 
rate of participation in the fire and the ability to produce 
smoke. For this reason, the UK is still going through a 
transitional period in which it is still possible to find 
references to the national standard rather than the 
mandatory harmonized European classification, 
sometimes causing confusion about the performance of a 
given material as the two classifications refer to different 
aspects. 

Table 6: IFC properties of interest 

Property Description 

Flammability
Rating 

Flammability Rating for this object. It is 
given according to the national building 

code that governs the rating of 
flammability for materials 

SurfaceSpread
OfFlame 

Indication on how the flames spread 
around the surface. It is given according 

to the national building code that 
governs the fire behaviour for materials 

Combustible 
Indication whether the object is made 
from combustible material (TRUE) or 

not (FALSE) 

At the level of definition, it would be more correct to use 
the FlammabilityRating property because the concept of 
reaction to fire does not only refer to how the flame 
spreads on the wall, at the same time, this property it is 
attributable only to covering (IfcCovering). When the 
designer evaluates the reaction to fire of a wall, he must 
consider the whole stratigraphy not only the outermost 
layer although this one is more significant.  So, it was 
decided to use the property SurfaceSpreadOfFlame. For 
the code checking, the reaction to fire within a space must 
be verified. The IfcSpace properties were analysed. As 
shown in Table 7, within the PropertySet Pset_Risk, there 
are four useful properties: RiskType, 

RiskAssesmentMethodology, NatureOfRisk and 
RiskName. The risk type Fire_Explosion was selected 
within the RiskType property, the regulatory reference 
(Fire Prevention Code) within the 
RiskAssessmentMethodology property, and the fire 
measure (reaction to fire) within the NatureOfRisk 
property. Finally, the performance level required for the 
fire reaction measure was associated with the RiskName 
property. 

Table 7: IfcSpace Pset_Risk’s properties 

Property Description 

RiskType 
Identifies the predefined types of risk 
from which the type required may be 

set 

RiskAssessment
Methodology 

An indication or link to the chosen 
risk assessment methodology 

NatureOfRisk 
A description of the generic nature of 

the context or hazard that might be 
encountered 

RiskName 

A locally unique identifier for the risk 
entry that can be used to track the 
development and mitigation of the 

risk throughout the project life cycle 

Selection of performance levels 

Based on the use of the building, the model was 
implemented with the performance levels assumed within 
the RiskName property attributed to all rooms. According 
to the Fire Prevention Code, rooms and escape routes have 
different performance levels. Performance level 3 was 
assigned to rooms while performance level 4 (highest) 
was assigned to escape routes. 

Figure 5: Properties of each room and evacuation route 
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Material selection 

Various commercial materials were analysed and some 
with different reaction to fire classes were identified. A 
material with a reaction to fire class higher than the 
regulatory minimum was assigned to all walls except for 
one wall in rooms 1.1 on the first floor and 2.1 on the 
second one (Figure 6). For these two, wallpaper with a 
reaction to fire class lower than the regulatory minimum 
was installed. This distinction was necessary to validate 
the model-checking algorithm. 

Figure 6: The wall where non-compliant wallpaper has been 

applied is highlighted in red. The same for the second floor 

Algorithm development 

The code checking algorithm was developed in open code 
using the Python programming language. Thanks to the 
IfcOpenShell library, it is possible to search all entities 
hierarchically below the IfcBuiltElement class previously 
identified properties for reaction to fire. This made it 
possible to implement computationally based compliance 
check. The script searches for every IfcSpace in the 
project the IfcSpaceBoundaries which enclose the room. 
The IfcSpace present the Pset_Risk which contains the 
RiskName property that express the reaction to fire's 
performance level. The algorithm reads the RiskName and 
compares the SurfaceSpreadOfFlame of each building 
element enclosing the IfcSpace. 

Figure 7: Script procedure 

Results analysis 

The algorithm was also set up to write an Excel file made 
up of several sheets, one for each room of the building, 
and one reporting every room and its compliance, which 
automatically is filled with True or False values. In the 
case of non-conforming elements, the global unique 
identifier (IfcGUID) and the name of the modelled 
element are reported. As can be seen from the Excel 

spreadsheets obtained, the only elements reported were 
the wallpapers installed in rooms1.1 and 2.1.  
The algorithm was able to read all the boundary elements 
of each room, and to compare the values of the materials 
groups with the minimum values required by the 
performance level, thus automating the entire check. This 
approach, extended to all the other prescriptions contained 
in the Italian Fire Prevention Code could be the base of an 
automatic digital permitting, aligned with the 
BuildingSMART Regulatory Room’s principles. 

Figure 8: Excel results 

Figure 9: Rooms' compliance report 

Conclusions 

In conclusion, the results give evidence of the high 
performance of the IFC format from the point of view of 
storing information, although they underline the difficulty 
of translating standards according to the logic of the IFC 
data format. 
The study shows that, as a result of the normative 
translation, activities and analysis of the attributes and 
properties available in IFC, it is possible to use the 
properties already present within the IFC standard without 
creating new properties and to proceed to automatic code 
checking through the development of open algorithms. 
However, to achieve these results, it is necessary to have 
a detailed knowledge of the IFC architecture. 
Understanding which property to use was the biggest 
challenge because the definitions are not clear. Therefore, 
there is a need for BuildingSMART to comply with the 
standardization adopted by the different countries and to 
define a clear parameter within which the reaction-to-fire 
class can be entered, according to the Euroclasses. This 
research paves the way for many future developments, 
including refining what has been done about reaction to 
fire, digitization of other fire measures, and the mapping 
of regulatory requirements not currently covered by the 
IFC standard. The goal is the creation of an interoperable 
BIM database that serves both National Fire Service and 
fire prevention designers. The creation of an interoperable 
BIM database can be useful during design and verification 
for the issuance of the Fire Prevention Certificate. 
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Abstract 

One of the main purposes of building design and 
development is to enhance the experiences and activities 
of occupants. Traditionally, the longitudinal collection of 
occupant data has presented challenges. In this context, 
the emerging paradigm of Digital Twins (DTs) offers a 
promising solution. This systematic review investigates 
recent advancements in DT applications within the 
Architecture, Engineering, Construction and Operations 
(AECO) sector, focused on the integration and utilisation 
of real-time occupant data. Our findings categorize the 
types of data collected and the varying degrees of 
occupant involvement in these processes. The review also 
identifies the primary challenges encountered in data 
collection and integration, emphasising the need for 
balancing ethical and privacy concerns. Additionally, the 
paper explores the potential of DTs in enriching occupant-
centric applications, highlighting their role in optimising 
building performance, enhancing comfort, and improving 
maintenance and safety. This review not only sheds light 
on the current state of occupant data in DT applications 
but also explores opportunities for leveraging occupant 
data to create more responsive and efficient built 
environments. 

Introduction 

The fundamental purpose of the built environment is to 
support and structure the activities and tasks of its 
occupants. Historically, understanding the impact of 
buildings on occupants has predominantly been the 
domain of Post-Occupancy Evaluations (POE). Initiated 
in the 1960s and 1970s, POEs have aimed to optimise and 
fine-tune building performance to better support 
occupants and inform the design of future structures 
(Preiser and Nasar, 2008). This field later expanded to 
include energy performance evaluations, significantly 
influenced by research in the 1990s and early 2000s 
(Leaman and Bordass, 2001). Despite significant 
contributions of POE to our current understanding of 
occupant comfort and general building performance, data 
collected from users has usually been limited to 
qualitative studies (i.e. focus groups) and one-off 
satisfaction surveys. As such, legacy challenges like the 
performance gap, the discrepancy between designed 
performance and actual performance persist, largely 

driven by occupant behaviour and usage patterns (Far et 

al., 2022). 
In recent years, the concept of Digital Twins (DTs) has 
emerged as a novel paradigm in built environment 
research. Evolving from advancements in Building 
Information Modelling (BIM), smart building 
technologies, and developments on Internet of Things 
(IoT) sensors, DTs offer the potential to enhance building 
performance through real-time data collection, granular 
control of building systems, and advanced operational 
intelligence via automation and improved simulation 
methods (Building Smart International, 2020). If the 
objective remains to design buildings that meet user 
needs, the role of DTs in understanding and refining 
performance for occupants could be substantial. 
Although several systematic reviews have investigated 
DT applications in the built environment within recent 
years (Long et al., 2024), there has been limited focus on 
the specific challenges and opportunities related to 
integrating occupant data into DTs. This paper aims to 
examine how recent published research has addressed the 
incorporation of occupant data. Thus, the paper aims to 
analyse the selected articles to determine the purposes for 
which the identified DT applications are being developed, 
as well as to identify the various methods and types of 
occupant data that are integrated in the identified DTs.  

Defining DTs 

While the concept of Digital Twins (DTs) originated 
decades ago, primarily in the manufacturing context (Tao 
et al., 2019), its evolution in the built environment has 
been significantly influenced by advancements in smart 
buildings, the Internet of Things (IoT), enhanced sensing 
technologies, and the development of semantically rich 
digital models within Building Information Modelling 
(BIM). Additionally, recent reviews (Long et al., 2024) 
have shown an exponential growth in interest regarding 
DT applications in built environment research. Studies 
such as Shahzad et al. (2022) have highlighted a lack of 
common understanding among various stakeholders in the 
AECO sector, leading to challenges in establishing a 
universally accepted definition of a DT. For the purposes 
of this paper, a DT is defined as “(…) a digital 

representation of a physical asset. Linked to each other, 

the physical and digital twin regularly exchange data 
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throughout the Plan Build Operate Decommission 

lifecycle and use phase. Technologies like AI, machine 

learning (ML), sensors, and IoT allow for dynamic data 

gathering and right-time data exchange to take place” 
(Building Smart International, 2020 p.2). 
This definition encompasses the widely accepted view of 
DTs as digital replicas of physical assets, further enriched 
with data collected in real-time. However, to ensure 
consistent criteria for the article inclusion criteria used in 
this review, the constituents of a DT will be further 
defined. Drawing from the manufacturing sector, 
particularly the work of Tao et al. (2019) five layers have 
been identified as integral to a DT. Massafra et al. (2023) 
adapted these elements to the context of building-related 
DTs (Figure 1). These five constituents or layers include: 
• Physical Asset: The building, equipped with IoT

sensors.
• Virtual Asset: A digital representation of the

building, typically a semantically rich Asset
Information Model (AIM).

• Connections: The information and flows and
connections that link the virtual and physical layers,
as well as the other layers.

• Data: Integration of all data collected from both
digital and physical asset layers to create a
comprehensive and accurate information set.

• Services/Actuator: These facilitate the application of
data to meet the needs of DT users. For instance,
visualisation, system control, "what-if" scenario
simulations etc.

Figure 1. DT layers. Adapted from Massafra et al. (2023) 

Methodology 

Systematic Literature Review 

This paper deploys a Systematic Literature Review (SLR) 
approach to establish the current state of occupant-centric 
DT applications within buildings. SLR was considered as 

a suitable approach, as the method allows for a systematic 
approach to collate exiting literature. Moreover, the 
method enables further understanding, synthesis of 
evidence, and identification of research gaps 
(Kitchenham, 2004). Additionally, the systematic 
approach to selection of papers enables for an unbiased 
approach to collating and reviewing the literature. This 
method is particularly valuable in uncovering themes and 
research directions within evolving fields, such as the 
integration of occupant data within DT applications. The 
following section will present protocol used for the SLR, 
as well as establish the criteria for selection of resources 
included in the SLR. 

SLR procedure 

The SLR commenced with the selection of Scopus as the 
primary database for literature search. Scopus was chosen 
over alternatives like Google Scholar due to its rigorous 
and well-curated nature, ensuring access to scholarly and 
peer-reviewed content. This decision aligns with the 
practices of previous SLRs in related fields, thereby 
upholding academic rigor and relevance. The process 
used to select the articles for inclusion in this review is 
presented in Figure 2.  
The initial search, conducted on the 5th of January, 
utilised parameters such as “Digital Twins” AND “Built 

Environment” OR “Building” AND “Occupant” OR “End 

user” OR “Post Occupancy Evaluation”. To filter these 
initial results, criteria were set to include sources from 
peer-reviewed journal articles in English language, which 
narrowed the initial query in Scopus to 40 articles. 
Further screening involved a manual analysis of these 
papers by the research team. In this step, articles were 
excluded from the review if they did not meet the 
following criteria: 
• Articles not focused on buildings as the unit of

analysis. Through this criteria papers excluded for
instance articles focused on a system of systems
level, such as cities.

• Papers that did not met the previously established
characteristics of a DT established in the introductory
section of this paper were also omitted. These
excluded papers that lacked a data layer combining
real and virtual asset information.

The final sample (Table 1) of articles included in the 
revision included 20 articles. 

SLR Results 

Initial results showcase that the most common journal 
where occupant-centric DT research is being featured is 
Building & Environment (n=5), followed by Energy & 

Buildings (n=3), and Sustainable Cities & Society, 
Applied Sciences and Buildings with (n=2). These 
journals feature articles with a focus on Indoor 
Environmental Quality (IEQ) and energy issues within the 
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built environment. In terms of the country of affiliation of 
the first author, the country with the most extensive DT 
applications exploring occupancy issues is China with 
links to 4 of the reviewed studies. This is followed by 3 
applications from Singapore and Italy. The remaining of 
the research appears quite widespread across a range of 
different countries, with Norway and Canada having 
multiple applications in the reviewed sample (n=2). 
Regarding publication year, the earliest article addressing 

occupant data in building DTs included in the final review 
was published in 2018. The publication curve (figure 3) 
showcases an exponential growth in publications where 
the last 3 years (i.e. 2021-2023) have shown an increase 
in published articles in this area, with 55% (n=11) of the 
papers having been published in 2023. Table 1 presents a 
summary of the articles included in the final review. 

Findings and themes from the SLR 

Applications of occupant-centric DTs 

Purpose 1: Systems & energy efficiency optimisation 

One of the main applications identified refers to energy 
optimisation during the operation of buildings. In most 
cases, energy optimisation focuses on heating and 
cooling-related savings—i.e. mostly on the optimised use 
of Heating, Ventilation and Air Conditioning (HVAC) 
systems (Clausen et al., 2021; Hosamo et al., 2023b; 
Massafra et al., 2023; Desogus et al., 2023; Li et al., 
2023). Noticeably, the DT application presented in Seo 
and Yun’s research (2022) places a strong focus on 
optimising energy consumed by lighting systems using 
schedules and simplified probability based behavioural 
models of occupants.  
Regarding energy optimisation, the integration of 
occupant data into the DTs is expected to provide clearer 
insights into building operations for Facilities 
Management (FM). With some of the reviewed studies 
(Clausen et al., 2021) aiming to establish an automated 
zone-based control that optimises the use and energy 
consumption from buildings. or allowing for the 
automation of building systems to optimise performance.  
Purpose 2: Support of occupant comfort 

The second purpose, while closely related to the previous, 
aims to develop DT applications that can better optimise 
the IEQ conditions to the occupants of the building. This 
application, often goes hand in hand with the previously 
discussed energy focus, presenting the DT as the key 
enabler of system performance improvements without the 
need to sacrifice occupant comfort.  
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 Figure 2. SLR procedure followed for the selection of the final 20 articles reviewed. 

Figure 3 Publications per year (Up to 05/01/2024) 
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Table 1. Articles included in SLR for review (n=20) 

Reference 1st Author 
Affiliation 

Journal Purpose of DT application Approach to occupant data 

Massafra et al. 
(2023) 

Italy Sustainability Energy optimisation in building 
operations 

Passive: Simplified occupancy schedule 
data 

Seghezzi et al. 
(2021) 

Italy Applied Sciences Optimising operation & 
maintenance costs; supporting 

FM decisions 

Passive: Occupancy tracked through 
camera- based visual sensors 

Abdelrahman et 

al. (2022) 
Singapore Building & 

Environment 
Optimisation of building systems 

for thermal comfort 
Passive and Active: Spatial location 

tracking & physiological data; subjective 
experience feedback 

Gnecco et al. 
(2023) 

Italy Energy & 
Buildings 

Optimising buildings and systems 
for occupant comfort 

Passive and Active: Spatial location 
tracking and physiological data; subjective 

experience feedback 
Desogus et al. 

(2023) 
Canada Buildings Early assessment/detection of 

occupant comfort issues  
Passive: Application of Predicted Mean 

Vote model for occupant comfort 
Wang et al. 

(2024) 
China Building & 

Environment 
Understanding occupancy 

patterns for energy optimisation 
in historic buildings 

Passive: Indoor location tracking data via 
Bluetooth Low Energy beacon sensors 

Park et al. 
(2018) 

South 
Korea 

Applied Sciences DT for early detection of 
emergencies and support of 

evacuation 

Interactive: Occupant interaction with DT 
via Augmented Reality for evacuation 

guidance and feedback 
Hosamo et al. 

(2023a) 
Norway Energy & 

Buildings 
Early detection of failures/faults 
in building services and systems 

No occupant data integrated 

Qian et al. 
(2023) 

China Building & 
Environment 

Optimising heating & cooling for 
occupant comfort 

Passive and Active: Spatial location 
tracking; Longitudinal thermal comfort 

surveys 
Abdelrahman & 

Miller (2022) 
Singapore Building & 

Environment 
Understanding building 

components and elements' effects 
on occupant comfort 

Passive and Active: Physiological data and 
spatial tracking; subjective thermal comfort 

data 
Clausen et al. 

(2021) 
Denmark Energy 

Informatics 
Optimised Zone Control DTs for 

energy consumption reduction 
Passive: Sensing usage demands through 

CO2 sensors  
Huynh & 

Nguyen (2020) 
Finland Open Engineering Support to FM decision-making 

& cost optimisation via DT 
interfaces 

Occupant data collection not detailed; focus 
on DT interfaces for facilities managers 

Li et al. (2023) China Energies Energy optimisation in building 
operations 

Passive: Occupancy data collected via 
sensors such as CO2 sensors 

Lee et al. 
(2023) 

Singapore Building & 
Environment 

Optimising energy and comfort; 
building interactive DT interfaces 

Interactive: Subjective experience data; 
passive physiological data; occupant DT 

interaction/control through interface. 
Chamari et al. 

(2023) 
Netherlands IEEE Access Establishing DT development 

process in systems architecture 
Passive: Data integration includes CO2 

sensors and other passive occupancy 
sensors 

Hadjidemetriou 
et al. (2023) 

Greece Sustainable Cities 
and Society 

Visualising performance & 
integrating simulation tools for 

building operation improvement 

Passive: Limited integration of occupant 
data via sensors (e.g., CO2) 

Hosamo et al. 
(2023b) 

Norway Energy & 
Buildings 

Early failure detection of 
Building Systems 

Passive and Active: Passive occupant 
sensor data; Subjective experience surveys 

Seo & Yun 
(2022) 

South 
Korea 

Buildings Energy savings through 
optimisation of lighting systems 

Passive: Behaviour modelled on schedule 
data; no real-time data 

Tripathi et al. 
(2023) 

Canada Frontiers in Built 
Environment 

Understanding occupant 
behaviour through DT-enabled 

POE 

Active: Presented DT does not integrate 
user feedback, however, use case presented 
with subjective experience data collection.  

Qian et al. 
(2024) 

China Sustainable Cities 
and Society 

Optimising building system 
performance to reduce carbon 

emissions during building 
operation 

Passive and Active: End user location 
tracking and physical sensors in buildings, 

additionally, survey data on subjective 
preferences integrated.  
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In this context, articles reviewed focus mostly on the 
thermal comfort dimension, while acknowledging the 
potential for DTs to expand into other (IEQ) dimensions 
such acoustic or visual comfort. Applications focusing on 
improved occupant comfort tend to integrate a wider 
range of occupant data into their DTs, including feedback 
prompts from users on their subjective experiences. 
Examples of these studies include the studies undertaken 
by Qian et al. (2023;2024) in residential building, as well 
as those in office environments conducted by 
Abdelrahman et al. (2022) and Lee et al. (2023). 
Purpose 3: Early failure detection 

Another major purpose identified is the application of 
DTs for early failure detection of building systems. For 
instance, the DT application proposed by Hosamo et al. 
(2023a) integrates the end-user feedback with sensor data 
to determine faulty zones and building system. The DTs 
data is analysed through Bayesian networks to integrate a 
logic that can allow for more concrete diagnostics. The 
suggested model also integrates different ML algorithms 
to enhance and automate the failure detection process. 
The study also discusses the emerging topic of the use of 
ML in processing IoT data in DTs, while resulting 
analysis showcase very promising accuracy results, 
ranging from 94% for Fine Tree to 97% for Artificial 
Neural Networks, these still require substantial computing 
time. As such, trade-offs between accuracy of results and 
processing time will remain important considerations in 
occupant-centric DT data analytics. 
Niche Purposes: 

A few other purposes for the implemented DTs have also 
been identified. For instance, Seghezzi et al. (2021) model 
focuses on supporting the FM function through the 
provision of opportunities for maintenance cost 
optimisation using camera-based sensors to identify 
maintenance needs based on occupancy and usage 
patterns. Another niche application is proposed by Park et 

al. (2018). Their DT provides an early disaster detection 
system for fire safety, as well as including an interactive 
AR interface linked to the DT to support occupants with 
guidelines and feedback during evacuations.  

Occupant Data Types 

A focus of the SLR is to determine the methods and types 
of data collected in the identified applications. As such, 
categorising the different types of data will provide the 
structure for the following section. In this regard, the 
conceptual framework from Abdelrahman and Miller 
(2022) provides a good conceptualisation of data 
collected as objective data and passive data. The 
framework in this paper enhances the initial one by adding 
a dimension of occupant interaction, which can be 
considered passive (i.e. occupant data collected 
passively), or active (i.e. direct input from occupants). 
The following section will present findings regarding the 
main categories identified: 1) objective/passive occupant 
data collection, and 2) active/subjective occupant data 
collection (see Figure 4). 

Figure 4. Clustered occupant data means 

Objective-Passive: Occupant data integration 

The most common tracking method across the studies is 
the use of passive IoT sensors. Available sensors to 
monitor occupancy and usage, include CO2 concentration 
sensors, light and infrared sensors, camera-based sensors, 
wireless networks, or RFID sensors (Seghezzi et al., 
2021). With these initial types of sensors, the aim is the 
monitoring of zone/area occupancy across the building in 
real time. Within the sampled papers, the most common 
occupancy sensors are CO2 concentration change sensors 
(Clausen et al., 2021; Hadjidemetriou et al. 2023; Li et 

al., 2023; Chamari et al., 2023), which have a relatively 
high accuracy rate (over 90%) in detecting general 
fluctuations in rooms with limited issues regarding data 
privacy. The data collected through sensors such CO2 or 
infrared sensors, while providing data on general 
occupancy patterns fail to achieve the accuracy of other 
sensing devices. Shegezzi et al. (2023) explore the use of 
camera-based sensors in their study. These types of 
sensors while presenting a series of calibration issues, that 
can affect accuracy when tracking occupants indoors, 
present additional opportunities for monitoring. First, data 
from camera-based sensors can potentially yield more 
granular insights on individual occupancy and usage 
patterns across the building, as well as provide additional 
insights on maintenance needs and condition of spaces. 
This requires further processing and analysis of video data 
through methods like computer vision.  
Other studies present a simplified approach to occupancy 
monitoring (Seo & Yun, 2022; Massafra et al., 2023). 
These do not include real-time sensing of occupancy, and 
instead integrate occupancy considerations and room 
usage data through occupancy schedules. These involve 
the integration of data from the organisational asset 
management system, including scheduled room bookings 
within the building. While this data allows to partially 
integrate occupancy into DTs in a simplified manner, it 
fails to achieve the insights that data collected in real-time 
can yield. On a similar approach, using data captured 
through climatic stations (e.g. humidity, temperature…), 
Desogus et al., (2023) integrate issues of occupant 
thermal comfort in their proposed DT solution. These 
methods lack direct occupant input, and instead they rely 
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on commonly used methods like the Predicted Mean Vote 
(PMV) to determine problematic areas in buildings. 
The final set of passive sensors identified refer to personal 
wearables. The most comprehensive use of these is within 
the research studies undertaken by Abdelrahaman et al. 
(2022). In these, participants utilised smartwatches, which 
enabled the collection of real-time physiological data (i.e. 
heart rate and corporeal temperature) while inside the 
physical building. Additionally, perceptual, and spatial 
data from users was collected. At a smaller scale, and 
using an experimental setting, Gnecco et al. (2023) 
integrated the use of wearables to track a range of similar 
physiological data within their DT. While these are 
promising sources of data, results from co-design 
workshops by Lee et al. (2023) reveal a myriad of 
challenges. Workshop participants highlighted concerns 
regarding privacy and security of their personal data 
collected through wearable sensors. This raises questions 
about the ethics of such sensors, as well as the practical 
scalability at commercial scale.  
Objective -Passive: Spatial Data 

Spatial tracking and the integration of spatial data with 
semantically rich asset information models, can be 
considered its own category within passive and objective 
occupant data. These represent unique challenges for 
sensing and indoor positioning. As such, it has been the 
focus of several papers, warranting separate consideration 
from general IoT sensing (Wang et al., 2024; 
Abdelrahman et al., 2022; Gnecco et al., 2023). 
Tracking occupants indoors has historically been 
challenging indoors. Unlike urban environments, where 
GPS can be used with high accuracy, indoor settings 
present a series of accuracy challenges. Often, a 
combination of sensors is required for precise spatial 
tracking. Wang et al. (2024) analyse various indoor 
tracking methods. Ultra-wideband sensors, while precise, 
are difficult to implement at larger scale. In contrast, more 
affordable options like wireless or Bluetooth Low-Energy 
(BLE) beacons, though less accurate (error-prone by 2-
5m), are more feasible. BLE beacons, which refer to 
signal emitters detectable by smartphone applications, 
enable trilateration for indoor positioning.  
Linking user positioning with building components and 
features can offer deeper insights into end-user 
behaviours and preferences, however, this integration also 
presents challenges. In this regard, Graph Neural 
Networks emerge as a promising solution, enabling 
mapping the proximity of occupants to building elements 
and zones. Thus, providing the means to link occupant 
data to information from these assets (Abdelrahman et al., 
2022; Gnecco et al., 2023; Wang et al., 2024). Recent 
studies, such as Tripathi et al. (2023), are examining GIS 
in the context of indoor environments. This approach, 
while challenging, also holds potential for enhancing 
understanding of spatial dynamics within built assets. 

Subjective – Active occupant data integration 

Another approach involves the collection of data from 
occupants regarding subjective and experiential 

dimensions. In this context, influenced by longstanding 
research on the measurement of perceptions of comfort 
from occupants, a few applications have integrated this 
data within their digital counterparts. Following best 
practices in comfort studies, Qian et al. (2023) conducted 
a 1-year longitudinal study where they collected 60-80 
survey responses per month from residents in the study. 
These surveys were modelled on the ASHRAE’s comfort 
scale and questions. While the exact points of entry are 
not clearly established, the approach while yielding 
additional insights raises questions regarding the labour-
intensive nature of integrating data collected from surveys 
into DTs. 
Alternatively, several studies have aimed to utilise the 
interfaces afforded by wearable sensors and smartphones 
to collect periodic experiential data from occupants. This 
approach builds on research on Experience Sampling 
Methods (ESM), a common approach used in psychology 
studies (Beal, 2015). Abdelrahman et al. (2022) utilised 
simple ESM to capture the subjective experience of users 
through a smartwatch application. Lee et al. (2023) 
utilises a similar approach in 15-day study to collect data 
from office users at regular times of the day, through push 
notifications prompting for feedback. The collection 
through these devices allows for automation in the 
integration of the data, compared with traditional surveys. 
Subjective occupant data has the potential to address 
limitations of traditional occupant surveys (i.e. one-off 
surveys), by enabling collection of longitudinal datasets 
on user preferences, potentially leading to opportunities 
to provide a personalised approach to comfort in buildings 
(Preiser and Nasar, 2008). However, limitations are not to 
be overlooked. On one hand, the ethical considerations of 
personal data collected. Additionally, survey fatigue, a 
well-known phenomenon is also a consideration (Beal, 
2015). Systems to collect data actively from users could 
be designed to be triggered only when specific events 
occur, limiting survey fatigue.  

Emerging themes: Occupant interaction with DTs 

A niche approach regarding occupants that emerged from 
the reviewed articles is the opportunities for end-user 
interaction with the DT platforms. Most of the reviewed 
papers, when discussing interaction with the DT, often 
refer to the FM or building operator (Chamari et al., 2023; 
Huynh & Nguyen, 2020; Hadjidemetriou et al., 2023; Li 
et al., 2023). Within these interaction with data for 
visualisation and control occurs through dashboards (E.g. 
Grafana) only accessible for FMs. Tripathi et al. (2023) 
suggest the expansion of these interaction and 
visualisation to the occupants. Park et al. (2018) expands 
on the end-user occupant interaction aspect. The proposed 
DT application, centred on early fire detection and 
evacuation, integrates an interactive AR application to 
provide occupants with real-time data regarding 
guidelines and evacuation procedures.  
Going a step forward, Lee et al. (2023) in their aims to 
‘democratise’ future DT applications, explore the issue of 
limited interaction built-in in DTs faced by occupants. 
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The issue can be mapped out to previous research on 
smart buildings. They not only define interaction 
regarding visualisation of data, but also explore the 
expansion to the control dimension (i.e. ability of 
occupants to control building systems). Moreover, based 
on occupant comfort theories, particularly the adaptive 
comfort theory (de Dear and Brager, 2001), such 
interaction and control of systems might not only enhance 
satisfaction but might also yield significant energy 
savings by increasing user tolerance to discomfort. 

Occupant-Centric DTs: Directions for future research 

The review highlights a prevalent focus on occupant 
thermal comfort within occupant-centric DTs. This is 
evident in the dominance of DTs for energy optimisation 
of building systems and early failure detection. While 
some studies touch upon visual comfort for energy 
savings, other dimensions of IEQ such as acoustics 
remain largely unexplored. Future research should expand 
the focus to encompass these, particularly considering the 
relevance of acoustics in public environments. 
The integration of occupant data beyond passive 
occupancy sensors remains limited. Notably, the 
comprehensive occupant-centric DT by Abdelrahman et 

al. (2022) stands out for its integration of physiological 
and spatial data through wearables, offering insights 
beyond thermal comfort. Leveraging such longitudinal 
occupant data can provide evidence-based information for 
design teams, opening avenues for evidence-based design 
in sectors like healthcare or education. 
Finally, Lee et al.'s (2023) study underscores challenges 
associated with occupant-centric DTs. Participants 
expressed concerns regarding data privacy and 
ownership, highlighting the need for robust data security, 
especially when collecting subjective and physiological 
data. Addressing these challenges will remain key for the 
successful implementation and adoption of occupant-
centric DTs at scale within real-world contexts.  

Conclusions 

Digital Twins (DTs) represent an emerging paradigm 
offering multiple opportunities in the AECO sector. This 
review focused on exploring how recent building DT 
applications are integrating occupant data. The findings 
highlight a variety of methods and challenges faced by 
developers of occupant-centric DTs. The review 
categorises these approaches based on the level of user 
involvement required. Additionally, it uncovers the 
challenges in integrating these data into DT platforms. 
The primary focus of these so far has been on building 
performance optimisation, especially in terms of energy 
efficiency. The review also sheds light on emerging 
applications and approaches to actively involve 
occupants, and provides directions for future research. 
Reflecting on the early POE studies from the 1960s and 
1970s, the central aim was to understand how buildings 
support end-users, such as understanding the influence of 
hospital design on patient healing rates or the impact of 

prison design on inmate behaviour. While common POE 
methods have provided valuable insights over the years, 
we argue that new paradigms, especially DTs, have the 
potential to establish these relationships with more 
rigorous and longitudinal evidence. Ultimately, this can 
lead to the design of built environments that more closely 
align with the needs and requirements of end-users. 
The chosen method, an SLR, has several limitations. 
Firstly, it was restricted to peer-reviewed journals, 
resulting in a selection of a final 20 articles. The limitation 
of relying solely on peer-reviewed journal sources may 
exclude relevant literature from other publication types. 
With DTs being such a recent topic, preliminary research 
and applications presented in conferences might provide 
examples of other alternative applications. Using solely 
Scopus as the data source may have introduced bias, 
potentially overlooking relevant studies indexed in other 
databases (e.g. WoS). The review focused on two primary 
aspects: the purposes of the DT applications and the types 
of occupant data integrated. While this approach provided 
depth in analysing these, it may have overlooked broader 
aspects of occupant-centric DTs. 
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Abstract 

Building Information Modelling (BIM) has become a 

prominent trend in the built environment. Despite 

numerous countries mandating the adoption of BIM in 

this context, its integration into transportation 

infrastructure, notably railways, has progressed gradually. 

Asset Management (AM) continues to be emphasised in 

transport infrastructure. This study offers an 

understanding of BIM-based AM in railways via a 

systematic literature review (SLR). Although some 

studies delve into railway BIM-based applications across 

various life cycle phases, previous research has 

predominantly centred on the operation and maintenance 

phases. This paper presents a comprehensive view and 

proposes further research direction. 

Introduction 

Building Information Modelling (BIM) has a unique 

characteristic and can be found in the definitions from the 

standard, academic and industry fields. Nonetheless, a 

common thread across these definitions underscores the 

significance of features such as process, information, and 

life cycle considerations (British Standards Institution, 

2013; International Organization for Standardization, 

2018; National Building Specification, 2021). BIM is 

acknowledged in the academic field for its numerous 

benefits. Wang et al. (2013) arranged the BIM’s various 

advantages: decreased costs, reduced errors, improved 

estimation, improved coordination, identifying conflicts 

and enhanced clients’ and end-users understanding. Shin, 

Jung and Kim (2022) and Shin, Kim and Liao (2024) 

found meaningful benefits through their research on BIM 

implementation in the design and construction phase of 

the railway sector, such as cost and management aspects. 

Based on these advantages, governments across the globe, 

regardless of their geographical location, are opting to 

mandate the use of BIM in the built environment. Among 

them, the United Kingdom is positioned as a leading 

country globally in the application of BIM (Jaskula and 

Papadonikolaki, 2021). 

Nevertheless, BIM is still slowly being adopted in 

transportation infrastructure, especially linear 

transportation infrastructure (e.g. railways, roads, gas 

pipelines, power lines, rivers and canals). Unlike 

buildings or other entities, transportation infrastructure’s 

considerable size and intricacy contribute to the relatively 

recent initiation of BIM adoption. Notably, the 

application of BIM in railways is often referred to as being 

in its infancy (Han et al., 2018). 

As previously mentioned in the definition of BIM and its 

ultimate purpose, it is noted that it considers the lifecycle. 

The BIM lifecycle simply refers to the product lifecycle 

process, which consists of the concept, design, 

construction, operation, demolition and disposal (Gajera, 

2017). Additionally, the term “sustainability” is a crucial 

global focus. Through the announcement of SDGs Goal 

9, the United Nations emphasises the sustainability of 

infrastructure. In this paper, the perspective of 

sustainability is examined through an Asset Management 

(AM) approach. First, PAS 55- 1 defined the AM 

definition as ‘systematic and coordinated activities and 

practices through which an organisation optimally and 

sustainably manages its assets and asset systems, their 

associated performance, risks and expenditures over their 

life cycles for the purpose of achieving its organisational 

strategic plan’ (British Standards Institution, 2008, p.2). 

AM is not a novel concept, but AM is considered a 

relatively new discipline in the transportation 

infrastructure field because of the recent need to perform 

the lifecycle management is necessary for this domain 

(Garramone, Tonelli and Scaioni, 2022). Alnaggar and 

Pitt (2019) emphasised that BIM has a big potential in the 

AM sector. 

Among linear transportation infrastructures, railways are 

environmentally friendly with low carbon emissions. 

They possess numerous advantages, including the ability 

to transport a large number of people at once and minimal 

traffic congestion. Consequently, they continue to garner 

significant global attention as transportation. Hence, the 

purpose of this paper is to explore a comprehensive 

perspective on railway infrastructure asset management 

using BIM. 

This paper mainly comprises four sections. First, the 

introduction part consists of background information and 

general understanding. Second, the research methods part 

demonstrates this paper’s systematic literature review 

(SLR) process. Third, the results and discussion section 

includes the SLR results and explains them. Finally, the 

conclusion summarises the overall contents of this paper. 

Research Methods 

This paper aims to investigate the BIM-applied railway 

infrastructure AM from a comprehensive point of view. 

To achieve this, this study conducted a systematic 

literature review (SLR), which adopted the Preferred 

Reporting Items for Systematic Reviews and Meta-

Analyses (PRISMA) methods, as illustrated in Figure 1. 
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First, the authors decided on the keywords for BIM-based 

rail infrastructure AM. This study’s main keywords are 

BIM, railway and AM. The keywords for searching in the 

database are set in Figure 2. The reason why the keyword 

“life cycle” is used not only the keyword AM, because the 

extended area of AM contains the consideration of the life 

cycle. Therefore, this review includes the term life cycle 

to cover all aspects of AM rather than just one specific 

part of it. 

Figure 2: Keywords. 

This review selected three databases: Web of Science, 

Google Scholar and Scopus. At first, a total of 267 papers 

were found from three selected databases. Several criteria 

were used in SLR in this study. First, the language used is 

limited to English. Second, the article only includes the 

downloadable data. Third, the range of years is between 

2014 and 2024. BIM is deeply related to cutting-edge 

technology. Hence, the literature’s publication dates are 

only considered for the past 11 years. These years include 

the years when BIM exploded in popularity. Fourth, this 

SLR includes the grey literature (such as conference 

papers, books and proceeding papers). Including grey 

literature in this study is important because it allows us to 

include more current trends and ongoing research. By 

applying the criteria, approximately 176 papers were 

selected from the first 267 papers. 

The combined search outcomes of three databases, as per 

four specific criteria, yield a total of 176 scholarly articles. 

After identifying 51 duplications among the 176 

aggregated papers, the resultant set comprises 125 non-

duplicated papers. From this point onward, authors 

examined titles, abstracts, and keywords to filter out 

relevant papers. In this procedure, 67 papers were 

identified after excluding the out-of-scope of 58 papers. 

This study examined all 67 identified documents in the 

last phase, verifying their relevance. Consequently, the 

final 38 papers align with the included scope. 

Results and Discussion 

Results 

The 38 identified documents focus on the scope of asset 

management in railway infrastructure with the 

implementation of BIM. This SLR investigated papers 

from 2014 to 2024. Figure 3 shows a gradual increase in 

the number of papers published. The papers in this review 

were not published in 2015 or 2024. The years 2021 and 

2023, in particular, saw a sudden drop in the published 

literature than the previous year. The most recently 

published papers were in 2023, totalling six papers. 

In this SLR study, beyond the exclusive analysis of 

journal articles, this review encompasses grey literature, 

including conference papers and conference proceedings. 

The conference category includes both conference papers 

and proceedings. Specifically, there are 21 journal 

articles, comprising 55% of the total, and 17 conference 

papers, representing 45%. An observation is that more 

proportion of the papers analysed in this review originated 

from journals. 

Figure 3: Trend of the published year. 

Figure 1: SLR flow chart (adopted the PRISMA method). 
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Figure 4 illustrates the percentage of paper types by year. 

This figure consolidates the observations from published 

papers years, which are illustrated in Figure 3, and the 

types of papers published. It visually represents the 

proportion of papers published each year by type. 

Figure 4: Percentage of paper types by year. 

Conducting an SLR on Railway AM with the application 

of BIM, diverse applications of BIM were witnessed in 

Figure 5. This included not only the exclusive use of BIM 

but also the integration of other intelligent technology 

with BIM, OpenBIM, the application BIM with Industry 

Foundation Classes (IFC) and System Information 

Modelling (SIM), the combination with Geographic 

Information Systems (GIS), the extended application of 

BIM like the Digital Twins (DT) and the application of 

BIM in other infrastructure. 

Figure 5: Used BIM classification. 

Figure 6 presents a diagram designed to investigate the 

areas within railway infrastructure where BIM has been 

applied. The most extensively covered segment, 

accounting for 38% of instances, involves 12 papers 

providing a railway. The category of railway-related 

buildings is closely followed, representing 7 papers. Five 

papers delve into the application of BIM to railway 

bridges. Additionally, railway lines, tracks, tunnels and 

transportation infrastructure are investigated by applying 

BIM in each of the 2 papers. Lastly, the railway signal, 

turnout system, and light rail system were studied in one 

paper with BIM for AM, respectively. 

Figure 6: BIM-applicated objects. 

Next, an exploration was undertaken to identify the stages 

or points where BIM has been applied, as depicted in 

Figure 7. A notable observation is that around 13 papers 

focused on utilising BIM for AM during all stages of the 

life cycle. A total of 22 papers were studied related to the 

design phase, and a total of 17 papers were researched in 

the construction phase. The operation & maintenance 

(O&M) phase conducted the AM based on the BIM 

around 27 studies. Two papers considered the 

rehabilitation stage. 

Figure 7: BIM used phases. 

The papers analysed in this SLR aimed to implement BIM 

in railway infrastructure to facilitate AM. The different 

methods performed to manage AM are summarised in the 

literature according to the phase in which BIM is applied, 

as shown in Table 1. The literature shows that there are 

many different ways to perform AM by each phase. 

Table 1: Studies employed to attain the objective at each stage. 

Asset Management 

All stages of 

the life cycle 

Propose the BIM-

based approach 

(Dan, 2021; 

Zheleznov, 

2021; 

Alqatawna et 

al., 2023) 

Investigate the 

current situation of 

BIM and provide 

the 

countermeasures 

(Kurwi, 

Demian and 

Hassan, 2017; 

Han et al., 

2018; Belcher 

and Abraham, 

2023) 
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Propose the new 

applications of DT 

(extended BIM) 

(Kaewunruen 

and Lian, 

2019) 

Suggest the 

application of BIM 

(Cheng et al., 

2019; 

Kaewunruen, 

Peng and Phil-

Ebosie, 2020; 

Wang et al., 

2022) 

Propose the data 

exchange model 

(Gu et al., 

2022) 

Combine the 

application of BIM 

with other 

technologies 

(Gebken, 

Drews and 

Schirmer, 

2019; Wan et 

al., 2020) 

Design stage Propose the BIM-

based approach 

(Lv, 2018; 

Efanov, 

Shilenko and 

Khoroshev, 

2020; Pasetto 

et al., 2020; 

Liu, 2022) 

Investigate the 

current situation of 

BIM and provide 

the 

countermeasures 

(Sanchez et 

al., 2014; 

Akponeware 

et al., 2020) 

Introduce safety 

design, risk 

evaluation system 

and related theories 

of BIM 

(Xiahou et al., 

2022) 

Suggest the 

application of BIM 

(Chen, Hu and 

Tang, 2016) 

Provide the insight 

of BIM/GIS 

interoperability 

(Floros, Ruff 

and Ellul, 

2020) 

Construction 

stage 

Propose the BIM-

based approach 

(Großauer et 

al., 2022; Liu, 

2022) 

Provide the insight 

of BIM/GIS 

interoperability 

(Floros, Ruff 

and Ellul, 

2020) 

Suggest the 

application of BIM 

(Chen, Hu and 

Tang, 2016) 

Operation 

and 

Maintenance 

stages 

Develop the BIM-

based 

methodologies 

(Wang et al., 

2020; Ciccone 

et al., 2022) 

Investigate the 

current situation of 

BIM and provide 

(Liu et al., 

2023) 

the 

countermeasures 

Develop a suitable 

platform based on 

BIM 

(Hartung, 

Senger and 

Klemt-Albert, 

2019; Hartung 

et al., 2020) 

Introduce the new 

approach to digital 

asset management 

(Love et al., 

2018) 

Combine the 

application of BIM 

with other 

technologies 

(Boyes, Ellul 

and Irwin, 

2017; 

Sresakoolchai 

and 

Kaewunruen, 

2021, 2023; 

Garramone, 

Tonelli and 

Scaioni, 2022) 

Propose the new 

applications of DT 

(extended BIM) 

(Kaewunruen, 

Sresakoolchai 

and Lin, 2021; 

Kaewunruen 

et al., 2023) 

Develop a real-time 

lifecycle 

assessment-capable 

paradigm digital 

twin framework 

(Borjigin et 

al., 2022) 

Propose a solution 

within the existing 

CAD/BIM/GIS 

application  

(Bartonek et 

al., 2023) 

Rehabilitation 

stage 

Suggest the 

application of BIM 

(McKenna et 

al., 2017) 

Propose the BIM-

based approach 

(Großauer et 

al., 2022) 

Discussion 

1) Current

Figure 3 captures related research trends that seem to be 

increasing overall. The lack of published papers in 2024 

is likely due to the fact that the papers have not yet been 

published at the time of this review. Although the change 

is not dramatic and fluctuates between 2020 and 2023, it 

still showed a rising interest in the relevant keywords in 

recent years. In other words, the escalating quantity of 

published papers can be interpreted as a meaning of an 

intensifying interest in the associated keywords, 

signifying rising scholarly attention to these subjects. 

Figure 4 demonstrates the proportion of published paper 

types by year. The research was found to be ongoing, with 

a balance of journal articles and conferences being 

published. Figure 5 shows the current research on BIM 

type. While the use of only BIM remains prevalent, a 
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noticeable adoption of BIM in more complex integrations 

has also been observed. For example, BIM for 

infrastructure, open BIM, BIM with SIM and IFC, 

BIM/GIS, extended BIM (DT) and BIM with other 

technologies. There were noteworthy attempts to expand 

its applications through various methods. 

In the AEC sector, architecture is widely known as the 

domain where BIM has been most effectively applied and 

advanced. It was assumed that the reviewed studies would 

primarily focus on building research. However, Figure 6 

revealed that BIM is utilised in a much more 

comprehensive range of areas. Likewise, the expectation 

was that most research would be confined to design and 

construction; however, it was observed to be applied 

across various domains, especially O&M. Figure 7 

illustrates the diversity of BIM application phases. This 

indicates its diverse application from design to 

redecoration and its multifaceted implementation across 

multiple stages, not only the O&M phase. This illustrates 

the potential of BIM's diverse field of applications, further 

extending to all stages of the lifecycle. 

Table 1 highlights the BIM-based AM. Each study was 

conducted using various methods at each stage to achieve 

its objectives. The design and construction phases have 

been studied in common research: suggest the application 

of BIM, investigate the current situation of BIM and 

provide countermeasures, propose the BIM-based 

approach, and provide insight into BIM/GIS 

interoperability. In the O&M phase, there were also 

studies such as the BIM-based approach, investigating the 

current situation of BIM and providing the 

countermeasures, but also the development of BIM with 

other technologies, platform construction, and DT 

(extended BIM) related studies were characterised 

differently from other phases. The methods used in all 

stages of the life cycle use most of the methods used in 

other stages. BIM application and a BIM-based approach 

were proposed for the rehabilitation phase. A common 

method used throughout the entire phase to apply BIM for 

AM was the proposed BIM-based approach. It can be seen 

that a lot of research has been done to study BIM-based 

approaches. 

On the other hand, the challenges have been noticed in 

papers. In general, while the authors explained that they 

needed to improve their study, scholars emphasised the 

limitations of their studies, such as the specific 

performance of the application of BIM (Chen, Hu and 

Tang, 2016), information exchange (Floros, Ruff and 

Ellul, 2020; Kaewunruen, Peng and Phil-Ebosie, 2020), 

limitation of standards (Floros, Ruff and Ellul, 2020)and 

limitation of guidelines (Love et al., 2018). In order to 

perform AM using BIM on a railway, there are obvious 

difficulties in terms of performance, but it is especially 

difficult to exchange information. 

2) Future

The findings of Table 1 describe the different approaches 

that BIM has been used in railway infrastructure to 

achieve the AM. This can be connected with future 

research directions that are frequently mentioned in the 

literature's future research section. First, many of the 

authors described the need to develop their studies more 

deeply. Therefore, future research seems to study the 

methods that were used more deeply, as mentioned in 

Table 1. Second, future studies could be proposed on the 

combination of Table 1 methods and the literature’s 

mentioned limitations and future research suggestions. 

The keywords that are mentioned as limitations of the 

studies are the specific performance of the application of 

BIM, information exchange, and limitations of standards 

and guidelines. In several papers, keywords frequently 

mentioned in concluding remarks regarding future 

research directions include developing the strategy, 

effectiveness, efficiency, intelligence, and 

interoperability. In order to develop these keywords, 

future research might be conducted using the methods 

mentioned in Table 1. For example, investigating the 

current status of related keywords and finding the problem 

and countermeasure, developing a BIM-based approach, 

combining the application of BIM with other 

technologies, proposing the data exchange model, 

developing a new approach to digital asset management 

or developing the insight of interoperability. 

Figure 5 demonstrates that many studies are currently 

conducted on BIM alone and BIM with other 

technologies. This indicates the potential for future 

applications of BIM in infrastructure AM. This shows the 

BIM potential of BIM integration with other complex 

technologies. Especially in BIM or DT and intelligent 

BIM, there is an emerging theme advocating for the 

advanced application of BIM, extending into dimensions 

such as 4D, 5D, 6D, and 7D, alongside the integration of 

various intelligent technologies. The occurrence of DT in 

asset management indicates a significant change towards 

higher integration, especially with BIM technology. This 

combination emphasises the need for further 

investigations on BIM within the context of DT. Research 

efforts like this are crucial for discovering innovative 

technologies and gaining useful knowledge about asset 

management. This, in turn, promotes the creation of more 

advanced and efficient asset management systems. 

Conclusions 

This paper aims to investigate the current trend and 

provide a comprehensive view of BIM-applied rail 

infrastructure AM. This paper adopts the SLR review, 

which includes the grey literature and uses three 

databases. As a result, 38 papers were selected for review. 

While conventional BIM applications are prevalent, 

research combining BIM with other technologies is also 

diverse. Moreover, BIM applications are conducted 

beyond the general railway context, encompassing a 

variety of targets such as buildings, bridges, systems, 

signals, and more. Although the majority of BIM 

applications for AM are concentrated in the O&M phase, 

they are also performed in various areas. With the current 
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prominence of these keywords, the research trend is 

expected to continue, with the anticipation of further 

studies. Based on the studies that have been conducted, 

limitations of the studies and suggestions for future 

research are discussed. In future research, not only 

research focusing on the single use of BIM but also BIM 

integration research incorporating various intelligent 

technologies is expected. Furthermore, this is expected to 

employ real-time data integration to implement DT, 

enabling holistic Asset Management. 
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Abstract 

Participants of major projects have different interests in 
each tunnel project. A solution is to align the interests 
using the Integrated Project Delivery (IPD) with an 
incentive and multiparty contract (MPC). There is no 
paper in the literature on how to design an incentive for 
MPC. Starting with a deductive approach, an incentive 
where all participants benefit the same is designed. An 
inductive approach is used for validation. Furthermore, 
for the inductive approach, a risk software tool is used, 
and a separately developed Excel sheet. Finally, the 
mechanism's mode of action is presented and validated. 

Introduction 

Significant cost and schedule overruns in major projects 
especially in tunnel construction show that risk 
management is often not given the importance and 
necessary integration in project management that it should 
have (Flyvbjerg 2014). To be able to measure and control 
costs as well as deadlines against the defined targets, it is 
necessary to assess costs and risks transparently and take 
them into account appropriately. Nevertheless, especially 
in tunnel construction, there are always unforeseen and 
unknown risks that make this difficult. 
To align the interests of all stakeholders seems like an 
unrealizable task. The reason is that the interests are so 
different. The owner aims to finish the project as soon as 
possible whereas the contractor is willing to do almost 
anything to maximize his profit. Given these almost 
conflicting interests, it takes all the more effort to 
complete tunneling projects on time and within budget. 
The traditional contract format fixed price transfers risks 
from the owner to the construction company (Becker 
2022). However, the result is a high potential for claims. 
As described in the beginning the solution is to align the 
interests of all the participants and a good way to do that 
is an incentive contract.  
Integrated Project Delivery (IPD) is used for major 
projects to align these objectives. Therefore, a multiparty 
contract is used. This means that the risks are shared and 
there is also an incentive mechanism to align the 
objectives of all parties involved. 
Since there’s no sufficient research on incentive 
mechanisms for IPD, this article will show how an 
incentive mechanism can be developed, and in which all 
participants participate in the project in proportion to their 
direct project costs. 
To this end, the basics of IPD, multiparty contracts, and 
incentive contracts are first outlined. The research gap is 

highlighted and the software tool used for cost and risk 
calculation is introduced. 
The description of the development of an incentive 
mechanism for MPC follows. First, it is described using a 
deductive approach. 
The deductive description is succeeded by an example 
tunnel project (inductive). This example project is used to 
validate the theoretical concept.  

Integrated Project Delivery (IPD) 

The basic idea of IPD is to enable better handling of major 
projects. The aim is to achieve a faster and cheaper 
construction process while increasing quality. With this 
form of execution, an integrated execution team consists 
of at least the client, planners, and construction 
companies. They work cooperatively and project-related. 
All those involved in the project should be aware of the 
client's objectives from the outset and jointly develop 
project goals so that everyone involved is aware of the 
project requirements, and the best possible solutions to 
achieve the set objectives (Cheng et al. 2019). 
To be able to consider identifiable risks and implement 
solutions cost-effectively in the planning phase, all 
available knowledge has to be taken into account (Warda 
2019). 

The core principles for IPD can be stated as follows 
(Ahmad et al. 2019):  

- Early Contractor Involvement of core 
stakeholders: client, contractor, and planner 
prior to the start of planning (Friedinger and 
Becker 2023), 

- joint risk management,
- incentive mechanism,
- collaborative working methods,
- joint decisions and
- conflict management.

In the following, the function of a multiparty contract is 
described in order to better understand the function of the 
delivery model. 

Multiparty contract (MPC) 

A multiparty contract is a contract between at least three 
parties: owner, planner, and construction company. This 
means that all parties involved in construction and 
planning are bound together by a uniform contract with 
each other. In addition, other project participants such as 
specialist planners, specialized finishing trades, 
subcontractors, or independent consultants can be 
included in the contract. 
The multiparty contract also promotes cooperation in 
terms of liability and combines innovations. The incentive 

926



contract realizes a corresponding alignment of goals 
between the parties. To achieve the alignment the 
incentive of the MPC must be designed in a way that 
everybody participates according to the contribution 
regarding the total costs of the project.  
The incentive mechanism for the use case is shown below. 
The success of an IPD depends largely on the correct 
choice of the target cost. This must be done individually 
based on the results of the probabilistic risk analysis and 
the integral consideration of cost and schedules (Sander et 
al. 2022, Becker and Roman-Müller 2022). 

Focus on Cost Plus Incentive Fee 

A Cost Plus Incentive Fee (CPIF) is used when an 
objective relationship can be established between the fee 
and performance measures such as actual costs, delivery 
dates, and performance benchmarks. In the case of highly 
uncertain and speculative construction projects, it’s 
necessary to use this kind of contract. The owner assumes 
the risks inherent in the contract-benefiting if the actual 
cost is less than the expected cost-losing if the work 
cannot be completed within the expected cost of 
performance (Becker and Sander 2023; Kerzner 2022).  

Explorative Literature Analysis for finding 

the research gap 

By using Google, Google Scholar, Scopus, and Opac+ 
UniBw an explorative literature analysis was made. 

The search strings for this were: 
• Incentive mechanism for multiparty contract
• Multiparty contract and incentive mechanism
• Incentive Mechanism for IPD
• IPD and Incentive Mechanism

Different approaches to incentive design were found 
during the research. These ranged from blockchain 
applications to theories regarding incentive design. 
However, it was not possible to find a concrete 
implementation of an incentive mechanism for the IPD 
using an MPC. Therefore, there is a research gap in the 
area of incentive design for MPCs. 
After finding the research gap the basics for the cost and 
risk calculation will be described. This will be later on 
needed for the description of the deductive and inductive 
approach.  

Integral Modelling of Cost, Deadlines, and 

Risks 

Cost Components 

The use of cost components that build on each other aims 
to create cost transparency by specifying a clear cost 
structure that can be applied from an early planning stage 
to construction completion. The main cost components 
are (Sander and Becker 2023): 

• Base Cost (B): Cost if „everything goes
according to plan“, without reserves for risks or
approaches for escalation (price increase).

• Risk (R): Cost resulting from threats and
opportunities that can occur but are not certain to
occur (probability of occurrence).

• Escalation (E): Cost resulting from the forecast
price increase.

• General Business Expenses (GBE): Include all
costs that cannot be directly allocated to this
specific construction contract but are incurred by
the company as a whole.

• Profit (P): Amount that remains from sales - i.e.
the total income of a company - after deducting
all costs.

The sum of Base Cost, Risk, and Escalation are the 
direct project costs (DPC) (1). 

𝐷𝑃𝐶 = 𝐵 + 𝑅 + 𝐸               (1) 

The sum of the DPC with the general business expenses 
and the profit is the Target Cost (TaC) (2). 

𝑇𝑎𝐶 = 𝐷𝑃𝐶 + 𝐺𝐵𝐸 + 𝑃               (2) 

RIAAT (Risk Administration and Analysis 

Tool) 

Description of the Software Application 

Risk Administration and Analysis Tool (RIAAT) is a 
desktop application and therefore a stand-alone 
application.  

RIAAT was developed to manage and integrate cost, risk, 
and schedule analysis for large-scale construction 
projects. 
RIAAT considers the interdependence of cost and 
schedule. Time-related costs, risk impact, incentive fees, 
etc. are factored in to optimize your project in terms of 
cost and schedule (Sander et al. 2021; RIAAT 2024). The 
benefits of RIAAT are: 

• Build a schedule including risks and
uncertainties.

• Link schedule and cost using drag-and-drop.
• Consider cost caused by schedule risks.
• There's never only one critical path. Takes every

option into account with multiple critical paths.

Figure 1 shows the connection between Cost, Risk, and 
Schedule and the result as an example of the delay cost. 

Figure 1: Example integrated calculation of delay cost (RIAAT 

2024) 

RIAAT bases the decisions on the best risk-benefit ratio 
shown in Monte Carlo simulations creating probability 
distributions that allow you to assess the level of probable 
cost or time overruns with regard to your defined budget 
or milestone date.  
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The benefits are: 
• Consider uncertainties at all levels.
• Use ranges (bandwidths) instead of single

deterministic numbers, and
• Bottom-up aggregation for transparent results.

Both in the business and financial sector and in the 
construction industry, a statistically determined fractile 
value of the value at risk (VaR) is used to quantify this 
monetary sum. To determine this fractile value, a certain 
probability value must be set depending on the assessment 
of the complexity of the project and the risk appetite or 
risk acceptance (Bergmeister 2021; Bergmeister 2022). 

With X as a variable with the distribution function (3). 
𝐹𝑥(𝑥) = 𝑃(𝑋 ≤ 𝑥)𝑓ü𝑟 𝑥 𝜖 ℝ    (3) 

Random losses are represented by the positive values of 
the random variable X inverse of the distribution 𝐹𝑋

−1 and
the confidence level with 𝛼 𝜖 (0,1). 
The VaR will be defined in (4) (e.g. Figure 2). 

𝑉𝑎𝑅𝛼(𝑋) =  𝐹𝑋
−1(𝛼)           (4)
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Figure 2: Value at Risk 

Deductive Approach for Designing the MPC 

Incentive 

Accordingly, it is important to design the incentive for the 
MPV in such a way that everyone participates equally in 
this contract. This means that everyone participates in the 
potential bonus according to their share of the production 
costs of the project. The following is an example of how 
the DPC are jointly pooled and how the bonus is 
subsequently shared.  
Figure 3 shows all contractual partners (CP). The 
representation of CP 1 to CP 3 refers to the Owner. The 
client is not considered further in this example, as it is 
assumed that the client does not contribute to the costs 
with the MPV. First, each contractor determines its DPC. 
As mentioned above, this is done using probabilistic 
methods and in the form of a work calculation. 

Determination of the direct project cost of 
each contractual partner

Aggregation of the direct project costs of 
all contractual partners

C
P
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R
el

a
ti

ve
 F

re
q

u
en

cy

Figure 3: Determining the manufacturing costs of all 

contractual partners 

Once the DPC for the individual contract partners have 
been determined, the functions (in this case three, e.g. 
Figure 3) are aggregated. This creates a function for the 
manufacturing costs. All contract partners must then 
decide on a P-value for the DPC. Figure 4 shows a 
distribution and a P-value of 50. This stands for a 
probability of 50% (P50) that the budget will be underrun. 
Conversely, there is a 50% probability that the budget will 
be overrun. 
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Figure 4: Determination of the P-value of the individual 

contractual partners 

Once the P value has been set, the TaC can be assigned 
again for all CPs. Involved in the TaC are the GBE and P. 
This develops the incentive mechanism for the CPs. 

Figure 5 depicts an incentive mechanism. The horizontal 
axis shows the potential final costs for the client, and the 
vertical axis shows the compensation of the contractor. 
The light blue dashed line shows the owner/contractor 
share-ratio. In this example, the ratio was set at 50/50 
across all areas. This means that if the TaC is undercut or 
exceeded, the deviation is split equally between the two 
partners. Additionally, Figure 5 shows the target cost and 
the target profit. Both are set in the contract. 

Figure 5: Aggregation of distributions and determination of 

target costs 

Once the construction work has been carried out and the 
construction project has been completed, billing can take 
place (theoretical). Figure 6 compares the actual 
Construction Costs (CC) with the previously calculated 
DPC and the real TC. Below the horizon line is the area 
of the DPC. 

Figure 6: Settlement and distribution of the bonus 

Figure 6 shows a scenario at the end of the project in 
which the Construction Cost (CC) is lower than the agreed 
TaC. Due to the lower CC, the grey dashed line shifts to 
the left. This can be achieved by, for example, increased 
efficiency, the use of new, innovative construction 
methods, etc. In this case, the contractor generates a bonus 
of 50% of the savings in addition to the target profit 
(increased profit). The remaining 50% of the savings goes 
to the client (Becker and Sander 2023).  

Use Case – Tunnel Project 

Project Description 

A fictitious sample project in this paper is used to 
illustrate the process. It is based on experience from major 
European railway base tunnels. This 14-km twin-bore 
tunnel consists of several Tunnel Boring Machine (TBM) 
drives as well as Drill & Blast (D&B) drives in different 
geological formations, an access shaft, emergency stops, 
various cross cuttings, and inner linings. The project is 
separated into five lots. Lot 0 is for the access road 
construction, lot 1 is for the crosscut and the New 
Austrian Tunneling Method (NATM), lot 3 is for the 
access shaft, and lot 4 is for the underground refuge. So 
for the example project are four contractors needed. Lot 0 
is not considered any further in the project description. It 
is no longer relevant in the consideration.

Figure 7: Path-time diagram fictional tunnel project 
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Inductive Approach 

After the description of the deductive approach in the 
section above, this section shows the inductive approach 
by using a fictitious tunnel project. The IPD is applied 
with an MPC. The remuneration model is a cost-plus 
incentive fee. The authors created a fictitious tunnel and 
determined the base costs, risks, and price increases. The 
information was determined in a workshop and validated 
and adjusted accordingly by the third author. The data was 
entered into the RIAAT software and analyzed 
probabilistically. In the process, 35 risks have been 
included in the model as examples. The individual lots 
were evaluated using another specially developed Excel 
sheet. 
The DPC (production costs) were determined for lots 1-4 
and a VaR of 50% was set. After determining the DPC the 
GBE and the P, together a percentage premium of 8%, 
were multiplied by the aggregated DPC. The calculation 
of the DPC, the TaC, Savings, and bonus allocation are 
shown below. 

Description of the procedure for a MPC 

First, the DPC of all parties of the multiparty contract are 
calculated. In our case, there are four contractors. The 
direct project costs are composed of the base costs, risks, 
and price increase (Sander and Becker 2023). 
Together with the determination of the direct project costs 
distribution functions are created, one for each member of 
the multiparty contract (e.g. Figure 8). Then, the P-values 
of the contractual partners are determined. The P-value 
indicates the probability of the target costs occurring. For 
public construction projects, as is almost always the case 
in tunnel construction, this value is between 50% (P50) 
and 90% (P90) (e.g Bergmeister 2021). 
In Figure 8, the P-value was set to P=50 for this example. 
So, the direct project costs are for Contractor Lot 1: 90.3 
Mio. €, Contractor Lot 2: 375.9 Mio. €, Contractor Lot 3: 
11.1 Mio €, and Contractor Lot 4: 25.7 Mio. € (see also 
Table 1). The calculation was done with the software 
RIAAT and included all costs, risks, price increases, extra 
costs for schedule delays, and so on.  

Figure 8: Distribution functions of direct project costs for each 

contractor 

The direct project costs are determined by all members of 
the multiparty contract or all contractors and the client. In 

this example, the contractual partners would set the direct 
project costs at 502.9 Mio. € by aggregating all 
contributions of all participants.  
In the next step, the TaC for the project is defined jointly 
and the incentive mechanism is set. In this use case, the 
owner and the contractors decided to add 8% to the Direct 
Project Cost, 5% for General Business Expenses, and 3% 
for Profit. The jointly agreed 8% is added to the 
aggregated distributions and the Target Cost is set on P50 
at 543.43 Mio. € (see Figure 9). This later serves as the 
basis for billing.  

Figure 9: Probability Distribution Target Cost 

Table 1 shows all the results of the example project. As 
described above, the VaR was set at 50%. The distribution 
between the client and contractor is 50/50. For example: 
if €5 million is saved, the client would receive €2.5 
million and the contractors would also receive €2.5 
million. The Target Cost was described previously. The 
table also shows jointly agreed DPC in Mio. €, the share 
of each contractor of the DPC and the agreed general 
business expenses and profit. This is the foundation for 
the Target Cost. The CC and the cost of GBE, and Profit 
based on the TaC are shown as well. Together, they form 
the Total Cost (ToC) in Mio. €. Also, the savings 
regarding the DPC are depicted in € and as a percentage. 
Finally, the table shows the share ratio, the bonus in 
millions for every contractor, and the bonus share of each 
contractor regarding their specific Target Cost. 

Table 1: Costs and Savings for the Example Tunnel Project 
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(5) shows how to calculate the Direct Project Cost (DPC)
for all four contractors in the use case.
∑ 𝐷𝑃𝐶𝑐1−𝑐4 = 𝐷𝑃𝐶𝑐1 + 𝐷𝑃𝐶𝑐2 + 𝐷𝑃𝐶𝑐3 + 𝐷𝑃𝐶𝑐4      (5)

To get the percentage share for any contract (PDPCci) of 
the DPC see (6). 

𝑃𝐷𝑃𝐶𝑐𝑖 =  
𝐷𝑃𝐶𝐶𝑖

∑ 𝐷𝑃𝐶×100
   (6) 

With (7) the total of percentage of GBE (PGBE) and 
contractor Profit (PCP) is calculated. 

𝑃𝐺𝑃 = 𝑃𝐺𝐵𝐸 + 𝑃𝐶𝑃      (7)

The premium of General Business Expenses (GBP) and 
Profit can calculate with (8). 

𝐺𝐵𝑃∑ = 𝐷𝑃𝐶𝑐𝑖 × 𝑃𝐺𝑃       (8) 

Now, to calculate the Target Cost (TaC) of the project the 
sum of the DPC is multiplied by sum of the percentage of 
the GBE and Profit. 

𝑇𝑎𝐶 = ∑ 𝐷𝑃𝐶𝑐1−4 × [1 + (𝐺𝐵𝐸 + 𝑃)]     (9)

The calculation of the Target Cost of each Contractor 
(STCci) is shown in (10). 

𝑆𝑇𝐶𝑐𝑖 = 𝑇𝑎𝐶 ×
𝑃𝐷𝑃𝐶𝑐𝑖

100
    (10) 

After the calculation for the project is done, the 
construction phase of the project follows, and  at the end 
the billing. The contractors will receive the Construction 
Cost (CC) which are occur in reality. The calculation for 
the total CC can be seen in (11). 

∑ 𝐶𝐶𝑐1−4 = 𝐶𝐶𝑐1 + 𝐶𝐶𝑐2 + 𝐶𝐶𝑐3 + 𝐶𝐶𝑐4    (11)

Now, to get the Total Cost (ToC) of the project the CC 
are multiplied by the GBE and Profitas shown in (12). 

𝑇𝑜𝐶 =  ∑ 𝐶𝐶1−4 × (1 +
𝑃𝐺𝑃

100
)    (12) 

The savings of the different contracts can be calculated by 
subtracting the CC from the DPC for each contractor (e.g. 
13).  

𝑆𝑎𝑐𝑖 =  𝐷𝑃𝐶𝑐𝑖 − 𝐶𝐶𝑐𝑖        (13) 

To get the savings in percentage for each lot, divide the 
Savings (Saci) and the DPCci. 

𝑃𝑆𝑎𝑐𝑖 =
𝑆𝑎𝑐𝑖

𝐷𝑃𝐶𝑐𝑖
× 100         (14)

At the end of the project, the bonus needs to be shared 
between all contractors. (15) shows the formula. With 
Saci, the percentage of each contractor's PDPCci, and the 
Share Ratio (SR) the bonus can be calculated. 

𝐵𝑜𝑛𝑢𝑠𝑐𝑖 = ∑ 𝑆𝑎𝑐𝑖 × 𝑃𝐷𝑃𝐶𝑐𝑖 ×
𝑆𝑅

100
  (15) 

Finally, the percentage of the Bonus PBonus results from 
each Bonusci in relation to the Target Cost of each 
contractor (TaCci) (e.g. 16). 

𝑃𝐵𝑜𝑛𝑢𝑠 =  
𝐵𝑜𝑛𝑢𝑠𝑐𝑖

𝑇𝑎𝐶𝐶𝑖
× 100      (16) 

As this is an example project, it was assumed that only 
around 50% of the risks occurred in the example project. 
As a result, the contractors and the client were able to 
generate cost savings of €5.08 million. Due to the 50/50 
split, €2.54 million is distributed among the contractors 
involved. The distribution key for the bonus payment 
depends on the participation of the Targets Cost. 
Contractor Lot 1, for example, has a share of the target 
costs of 17.9%. Therefore, his share of the bonus is also 
17.9 %. Consequently, Contractor Lot 1 receives € 0,46 
million. The distribution of Contractor Lots 2-4 is 
equivalent. 
The distribution of the bonus in % about the target cost is 
thus equally distributed among all participants. Each one 
of them has a bonus share of approx. 0.47 % of his TaC.  
This clearly shows that all participants in the project 
participate equally in the bonus of the project and thus an 
actual target alignment between all participants takes 
place. 

Figure 10: Results of the example construction project with a Lorenz Curve 
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Figure 10 shows the results with a Lorenz curve. The TaC 
are 543.43 Mio. € (P50) and were calculated together. The 
Construction Cost shows the cost that accrued for the 
tunnel project. The Total Cost are the cost, that the owner 
has to pay for the construction project (here 537.69 Mio. 
€). It includes the Construction Cost (here 497.86 Mio. €). 
and general business expenses as well as profit (here 
39.83 Mio. €). In this example, the contractors’ bonuses 
are not included in the Total Cost. 
The shares of the savings and bonus are presented in 
more detail in Figure 11. 

Figure 11: Shares of Savings and bonuses for the example 

project 

According to the share ratio, the savings are split 50/50. 
The owner gets € 2.54 million and the contractors get the 
share the same amount among themselves. Every 
contractor gets his share according to equation (15). The 
calculation for Lot 1 is as follows (17).  
𝐵𝑜𝑛𝑢𝑠𝑐1 = 5.08 𝑀𝑖𝑜. € 𝑥 17.9% 𝑥 

50

100
= 460 𝑇. €  (17) 

The calculations for the other lots are equivalent. 

Conclusions 

This paper shows the application of risk software for 
creating an incentive mechanism for the IPD with MPC. 
The deductive process was validated with an inductive 
process to check whether the incentive mechanism treats 
all parties equally. 
The example tunnel with several lots and the use of IPD, 
a cost-plus incentive fee contract, and a multi-party 
contract were used to demonstrate the use of the software. 
An incentive system was developed for a multi-party 
contract whereby all parties involved can participate in the 
success of the project. This aligns the interests of all 
parties involved and they work together for the success of 
the project. By linking the incentive to the respective 
parties, everyone is always obliged to do their best for the 
project. A multi-party contract with a cohesive incentive 
mechanism between all parties therefore leads to joint 
project success. 

Outlook 

Incentive mechanisms can be designed in a variety of 
ways. Currently, the literature generally lacks simple 
considerations on how all parties participate equally in an 

MPC. This is particularly important, as otherwise, not all 
parties will work in the best interest of the project goals. 
This simple example shows an incentive mechanism for 
multi-party contracts in which all parties participate 
equally. In order to further validate the results, further use 
cases need to be created and the incentive effect needs 
further investigation. In addition, an application should be 
used in a large-scale project and the results should be 
shared and further optimizations incorporated into the 
research. This would further improve the mechanism of 
action on the one hand and on the other hand the design 
of the incentive mechanism.  
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Abstract 

Digital twins have been advocated for adoption in the 
construction industry to tackle many of its inherent 
challenges. There has been a lack of clarity, however, in 
demonstrating their realized value with some enterprises 
facing difficulties justifying their investment. This study 
employs a systematic review method to extract empirical 
evidence demonstrating the value of digital twins. Some 
realized Digital Twins’ benefits and costs were 
demonstrated in the articles, but there were no investment 
appraisal studies that provide a full account of value 
propositions. Future studies adopting case studies method 
are recommended to assess the value propositions of 
digital twins. 

Introduction and background 

Context 

In the era of the fourth industrial revolution (Industry 4.0), 
businesses have been adopting digital technologies to 
drive further efficiencies in their processes. The 
proliferation of digital technologies has been 
transforming traditional workflows while promoting 
further productivity gains. The Architecture, Engineering, 
Construction, and Operation (AECO) industry, however, 
remains to be one of the least digitized industries 
(Agarwal, Chandrasekaran and Sridhar, 2016) with a very 
slow uptake of new technologies (Davies and Harty, 
2013). 
The AECO industry faces several inefficiencies such as 
low levels of productivity and a fragmented supply chain 
(Opoku et al., 2021). As a project-based industry, the 
delivery process is transient where the output is unique 
(Gann and Salter, 2000; Morris, 2004), and this inhibits 
the industry from adopting the benefits of repeatability 
like that in the manufacturing industry (Fernández-Solís, 
2008). Projects are usually initiated for the purpose of 
creating new value (Winch, 2010). 
Capitalizing on different digital technologies, a Digital 
Twin (DT) has been argued to be a driver of value in the 
AECO industry.  A DT is a real-time virtual replica of a 
physical asset (Grieves and Vickers, 2017) with its use 
extending throughout the whole life cycle of the physical 
asset (Madni, Madni and Lucero, 2019). It employs a set 
of different technologies with the aim of achieving 
bidirectional flow of data between the physical asset and 
digital counterpart (Alizadehsalehi and Yitmen, 2023). 
This automated flow of data along with the use of data 
analytics can create several benefits including reduced 
rework, better energy management, and lower 
construction costs (Opoku et al., 2021). Despite their 
attested value and advancements in other industries such 

as Aerospace, and Manufacturing (Xie et al., 2023), the 
AECO industry has been slowly adopting this trend 
(Opoku et al., 2022). 
In the context of their potential value, DTs can tackle 
many of the AECO industry’s underlying inefficiencies 
and issues. However, due to the lack of clarity in their 
value propositions (Opoku et al., 2023), they have not 
been widely adopted in practice. Furthermore, 
construction enterprises find difficulties justifying the 
additional DT investment. It was even asserted that the 
value of DTs is yet to be defined (Pregnolato et al. 2022), 
and Shahzad et al. (2022) suggested the need for 
demonstrating their benefits as new technologies are 
adopted after their cost-effectiveness is demonstrated in 
real-world projects. 

Research aim, question and objectives 

The aim of this study is to investigate the reasons behind 
the lack of DT adoption in the AECO industry given the 
suggested lack of value propositions of DTs. 
Consequently, this research is motivated by the lack of a 
comprehensive identification of the actual value of DTs 
during the life cycle of built assets. Towards tackling the 
above problem, the proposed research question is what is 

the value realized through the use of DTs in AECO 

projects? 
To tackle this question, the objectives of this study are 
threefold: (1) Investigating the value of DTs by 
identifying the associated benefits and costs with their 
use; (2) assessing the availability of empirical evidence 
supporting the claim of those benefits and costs; and (3) 
the identification of the life cycle stages during which 
value can be materialized. 

Research background 

Firstly, a clear boundary should be drawn between the 
difference of value and benefits. The two terms have been 
used interchangeably in literature (Laursen and Svejvig, 
2016) while benefits are only a component of the total 
value. In basic terms, the realized value equates to the 
benefits less the cost depleted (Morris, 2013; Project 
Management Institute, 2019). Thus, the true value of an 
asset or a system involves an interplay between the 
accrued benefits and incurred costs. Benefits are those 
advantages provided to stakeholders (Ward and Daniel, 
2006) that should be perceived by some stakeholders as a 
positive outcome (Bradley, 2010). The benefits derived 
from Information System (IS) investments can be either 
tangible, semi-tangible or intangible (Becerik-Gerber and 
Rice, 2009). Tangible and semi-tangible benefits are 
quantifiable while intangible benefits are non-
quantifiable. Costs can be classified as direct or indirect.  
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One of the main desired benefits of the DT concept 
application in construction projects is the creation of value 
to deliver better project outcomes. Value creation has 
been denoted to be one of the nine fundamental properties 
of a DT as per the general concepts described in the 
Gemini Principles (Bolton et al., 2018). Within different 
architectures proposed for DTs (Ferré-Bigorra, Casals and 
Gangolells, 2022; Lu et al., 2020), the service layer is 
where DTs can deliver value to different stakeholders. At 
this layer, the user can interact with the system, and 
different functions can be deployed such as energy 
management and space utilization (Lu et al., 2020). 
During the design phase, DTs have the potential to reduce 
the possibility of rework, and deliver sustainable 
outcomes (Opoku et al., 2021). Construction costs can be 
minimized as well while improving the quality of 
deliverables (Opoku et al., 2021). Better decision making 
and predictive maintenance were some potential benefits 
suggested during the operation and maintenance phase 
(Khajavi et al., 2019). The literature was not very clear on 
demonstrating the cost behind the utilization of DTs. 
Costs were generally represented as barriers to adoption 
where difficulties in initial investments were stated 
(Madni, Madni and Lucero, 2019; Opoku et al., 2021). 

For those reasons, the next section of this study will focus 
on collecting and analyzing literature sources related to 
the value of DTs realized by different stakeholders in the 
AECO industry. The method used for systematic 
collection of literature will be outlined, followed by the 
frameworks used for benefits and costs identification.  

Methods and tools 

To address the outlined research question, this paper will 
utilize a systematic review to organize and analyze the 
literature production in the realm of DT value delivery. 
This collation of evidence will follow the guidelines of the 
Preferred Reporting Items for Systematic reviews and 
Meta-Analyses (PRISMA) (Page et al., 2021).  
Scopus and Web of Science (WoS), well regarded as 
robust academic databases, were used for article 
identification. The search was carried out using the 
title/abstract/keywords field with three blocks of 
keywords:  

(1) Digital twins: (digital twin*);
(2) Value: ("cost-benefit" OR "benefit-cost" OR "cost-

effectiveness" OR "return on investment" OR
"financial*" OR "feasibility" OR "value for money"
OR cost* OR benefit* OR value* OR "business
case");

(3) AECO industry: (aec* OR "construction industry"
OR "built environment").

Given the nascence of DT research, and to conduct a 
comprehensive review of the literature, no filters were 
added for the date range. The results were filtered for 
journal articles and the search returned 99 articles in 
Scopus, and 87 in WoS.  

The identification step was followed by the screening 
stage to assess the relevance of obtained articles. Initially, 
the obtained records were imported into a reference 
management software to remove duplicate records. Only 
articles written in English were retained for further 
screening. An initial screening of the abstracts and titles 
of the retrieved articles was followed to ensure that the 
focus of the publications was on DTs within the Built 
Environment. At this step, 45 articles were retained for a 
comprehensive review based on the eligibility criteria 
defined in Table 1 following which 12 articles were 
deemed eligible for the systematic review as shown in 
Figure 1.  

Table 1: Inclusion and exclusion criteria 

Inclusion criteria Exclusion criteria 
Methodology Case study, Survey, 

Experiment 
Literature-based 

only 
Focus Studies providing 

some empirical or 
theoretical evidence 

regarding the 
potential benefits or 

costs of DTs 

No identification or 
evaluation of DTs’ 

benefits or costs 

Depth A comprehensive 
application of a DT 

Study focusing on a 
particular technology 

rather than a 
comprehensive DT 

implementation 

Figure 1: PRISMA screening process. Adapted from 

Haddaway et al. (2022). 
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Benefits and costs identification 

The Centre for Digital Built Britain (CDBB) has adopted 
the Five Capitals Model developed by Porrit (2007) to 
profile the value of DTs (CDBB, 2021). This model has 
been developed to assess sustainable developments, and it 
is composed of five value categories namely: Natural, 
Social, Human, Manufactured and Financial capital. 
Natural capital includes the natural resources that are 
fused to provide goods and services. The Social capital 
includes the systems and institutions that help the Human 
capital work more productively when working 
collectively rather than in isolation. Manufactured capital 
is comprised of the assets that contribute to the production 
process and not the output. Financial capital is what 
allows the earlier categories to be traded and owned, and 
it encompasses their economic benefits and different 
costs. 
To assess the value of DTs, their different benefits will be 
first identified from the collected literature and classified 
according to their tangibility. Tangible benefits can be 
easily quantified, while intangible benefits require a 
qualitative assessment that would subsequently impact 
one or more of the tangible benefits by means of a factor 
or percentage (Irani and Love, 2002). This classification 
of benefits was adopted by Irani and Love (2002) to 
develop a frame of reference for Information technology/ 
Information Systems (IT/IS) investment evaluation. It 
should be noted that this framework did not provide a 
taxonomy of IT/IS benefits, and hence it will be used as a 
reference to identify and cluster benefits. The focus of this 
process will be on benefits that are tangible and hence 
quantifiable. 

For the costs, the identification process will follow the 
cost taxonomy developed by Irani, Ghoneim and Love 
(2006). The costs are classified as direct or indirect. Direct 
costs are associated with the use of technology 
components, while indirect costs capture that related to 
the organization and people dimension. This classification 
embodies both the technical and social components of a 
socio-technical system (Bostrom and Heinen, 1977) 
which could be deemed suitable for capturing a holistic 
DT utilization. Furthermore, this scope can capture all 
value categories highlighted in the Five Capitals Model 
(Porrit, 2007). 

Investigation method of studies 

Bakis, Kagioglou and Aouad (2006) outlined three main 
empirical investigation methods for evaluating the 
benefits of new technologies implementation as case 
studies, experiments, and surveys. Case studies were 
identified as the most robust of the three as they place the 
most emphasis on the context of the realized benefits. 
Experiments and surveys lack an emphasis on this context 
where the former imposes control factors for replication, 
while the latter does not depict how the benefits were 
created. Additionally, Hakimi et al. (2023) emphasized 
the need for conducting case studies to prove the business 
value of DT implementation. 

The investigation method used in the selected articles will 
be highlighted. Articles using more than one investigation 
method will be highlighted as well. Finally, a further 
metric will be added to classify whether the study 
presented some quantifiable findings or not. 

Results 

Bibliometrics 

To understand the broader research trends of DT 
publications, some quantitative bibliometric analysis was 
conducted on the 45 articles that were assessed for 
eligibility. Figure 2 illustrates an overall increasing trend 
in DT publications over the years. 

Based on a minimum number of two occurrences, a co-
occurrence for author keywords was created as shown in 
Figure 3. In total, there were 24 occurrences where digital 
twins were the most common. There were no clusters for 
any of the value block keywords while the AECO 
industry’s keywords appeared near the digital twin’s 
cluster. 

Content analysis 

The classification of the selected twelve articles is 
illustrated in Table 2. Most of the studies followed a case 
study approach with only two of them employing more 
than one case study. Surveys were only used in three 
studies, and only one experiment was carried out. Four 
articles, adopting a case study approach, demonstrated 
some quantifiable benefits or costs from the use of a DT 
(Greif, Stein and Flath, 2020; Lin and Cheung, 2020; 
Love and Matthews, 2019; Zhang et al., 2023) 

After reviewing the collected articles, a total of nineteen 
clusters of benefits were identified as illustrated in Table 
3. Different benefits were matched to one cluster despite
having different designations in different studies. For
instance, increased transparency of information (Ammar
et al., 2022), and transparency and data reliability
(Esmaeili and Simeone, 2023) were matched to improved
information management. The most common benefit was
better environmental management followed by improved
maintenance. Five other benefits were cited three times
while the remaining were cited only once. Some of the
presumed benefits were not matched to either of the
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suggested benefits in Table 3 as they were essentially 
applications with different potential benefits but not 
benefits per se. For instance, Ammar et al. (2022) and 
Love and Matthews (2019) identified real-time reporting 
as a benefit while it could lead to other benefits that could 
be matched to more than one of the benefit clusters. 

As for the benefits demonstrating some quantifiable 
findings, the study conducted by Greif, Stein and Flath 
(2020) presented a potential cost reduction of 25% in 
truck costs during silo movements between sites and 
plant. Another case study focusing on building heritage 
preservation demonstrated Indoor Air Quality (IAQ) 
improvements by an average of 9% and 1.2% for a 
restaurant and an exhibition room, respectively (Zhang et 
al., 2023). Love and Matthews (2019) illustrated different 
benefits across several case examples. In an Iron Ore 
Mine, the studied benefits were reported to result in a 
reduction cost of 94.25% in documentation cost. The time 
to produce a drawing was reduced to 2 hours from 40 
hours with the use of a DT instead of a traditional 
Computer-aided Design (CAD) approach. Furthermore, 
the time required to address Request for Information 
(RFI) documents can be reduced by 91.67% person-hours 
in addition to improving the overall information 
management process of documents. The next case was a 
Magnetite Iron Ore Processing Plant, and the findings 
suggested an overall improvement in the information 
management process. This improvement has led to an 
improved site management since that design information 
was directly available for personnel on site. An 
improvement in installation efficiency as well as a 
reduction in cabling wastage were also reported, which 
suggests the delivery of an improved output.  

In their next case of an Oil Refinery, improved 
information management, and improved site management 
were also reported. Monitoring the progress of person-
hours worked on site has improved resource management. 
The DT was also reported to ensure asset integrity, which 

suggests an improved output. In their final study of a Rail 
project, there was a better handover of data from the 
construction phase to the operation and maintenance. DTs 
have also demonstrated their effectiveness in digital asset 
management. 

Regarding the costs identified, only three publications 
outlined some relevant findings. Ammar et al. (2022) 
identified (1) Data understanding, preparation and usage, 
(2) Costs of implementation, and (3) Social costs, and it
was the only source that identified indirect costs. Esmaeili
and Simeone (2023) outlined data collection, platform and
interoperability costs. Lin and Cheung (2020) highlighted
the hardware cost, and it was the only reference that
provided some minor quantification for the cost of
wireless sensor networks used.

With respect to the life cycle stage of the studies, the 
operation and maintenance phase was the most common 
followed by the construction phase as illustrated in Figure 
4. The benefits during the decommissioning phase were
only demonstrated once.

Figure 3: Author keyword co-occurrence map. 

Design
26%

Construction
32%

Operation and 
maintenance

37%

Decommissioning
5%

Figure 4: Distribution of Life cycle stages with demonstrated 

benefits from selected articles. 
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Table 2: Investigation method presented in the selected 

articles. 

*: (Greif, Stein and Flath, 2020; Lin and Cheung, 2020; 
Ogunseiju et al., 2021; Tagliabue et al., 2021; Tita et al. 2023; 
Zhang et al., 2023) 
†: (Esmaeili and Simeone, 2023; Love and Matthews, 2019) 
‡: (Ammar et al., 2022) 
§: (Adibfar and Costin, 2022)
**: (Meng, Das and Meng, 2023; Shahzad et al., 2022)

Discussion and conclusions 

This study has provided an overview on the realized value 
of DTs, based on empirical evidence, by identifying the 
associated benefits realized through their use. Different 
academic literature sources were retrieved from several 
databases to identify such. The findings demonstrated 
some benefits such as better environmental management 
and improved maintenance which were the most 
suggested benefits of this technology. Initial hardware 
costs, data infrastructure and handling were identified as 
the main cost elements. The findings suggest that the 
benefits of this concept can span across the whole life 
cycle of an asset. Most of the tested benefits were 
demonstrated during the operation and maintenance yet 
this finding does not suggest that this is the phase where 
stakeholders can realize most of the DTs’ value. None of 
the studies presenting quantifiable findings investigated 
the benefits of DTs during the decommissioning phase.  

From the selected articles, the first was published in 2019 
which could suggest the impact of the Gemini principles 
(Bolton et al., 2018) in publicizing the value creation 
capabilities of DTs. The results, however, demonstrated a 
lack of research inquiries investigating the value realized 
with the use of DTs which is supported by the lack of 
author keywords related to value. There were also no 
studies providing a comprehensive record of the value 
realized by DTs. It was observed that all studies have 
either focused on benefits or costs, but not both. Other 
investigations focused on application areas only without 
providing an integral assessment of value. 

Love and Matthews (2019) demonstrated some 
quantifiable findings in their study with respect to the 
benefits realized. The case examples used in this study 
included both vertical (building) and horizontal 
(infrastructure) projects which could suggest the varied 
applications of DTs in the AECO industry. The 
publication date of their paper, however, implied an early 
development stage for DTs in both the industry and 
academia, and hence their focus was on a System 
Information Model that can enable a DT. They also 
focused on providing an account of some benefits without 
extending appreciation to the costs involved. 

Table 3: Benefits and their frequency in articles. 

No. of Articles Investigation method 
6* Case Study 
2† Case studies 
1‡ Case study and survey 
1§ Experiment 
2** Survey 

Benefit References No. of 
references 

Better 
environmental 
management 

Lin and Cheung (2020) 
Meng, Das and Meng (2023) 

Shahzad et al. (2022) 
Tagliabue et al. (2021) 

Zhang et al. (2023) 

5 

Improved 
maintenance 

Ammar et al. (2022) 
Lin and Cheung (2020) 
Tagliabue et al. (2021) 

Tita et al. (2023) 

4 

Better 
scenario 
analysis 

Adibfar and Costin (2022) 
Ammar et al. (2022) 
Zhang et al. (2023) 

3 

Improved 
information 
management 

Ammar et al. (2022) 
Esmaeili and Simeone (2023) 

Love and Matthews (2019) 

3 

Improved 
output 

Ammar et al. (2022) 
Love and Matthews (2019) 

Shahzad et al. (2022) 

3 

Improved site 
management 

Esmaeili and Simeone (2023) 
Greif, Stein and Flath (2020) 

Shahzad et al. (2022) 

3 

Improved 
stakeholder 

collaboration 

Ammar et al. (2022) 
Esmaeili and Simeone (2023) 

Love and Matthews (2019) 

3 

Better 
emergency 
and crisis 

management 

Lin and Cheung (2020) 1 

Better health 
and safety 

Ogunseiju et al. (2021) 1 

Better 
resource 

management 

Esmaeili and Simeone (2023) 1 

Better risk 
management 

Shahzad et al. (2022) 1 

Higher 
customer 

satisfaction 

Shahzad et al. (2022) 1 

Improved 
documentation 

Love and Matthews (2019) 1 

Improved 
efficiency 

Love and Matthews (2019) 1 

Improved 
procurement 

Love and Matthews (2019) 1 

Improved 
productivity 

Love and Matthews (2019) 1 

Improved 
progress 

monitoring 

Esmaeili and Simeone (2023) 1 

Improved 
supply chain 
management 

Esmaeili and Simeone (2023) 1 

Reduced 
execution time 

Shahzad et al. (2022) 1 
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In general, most of the studies did not present quantifiable 
findings which are the most sought after by practitioners 
when building a business case for additional investments. 
There was also some misclassification of benefits as an 
enabler of other benefits, with different designations used 
by different authors. The demonstration of quantifiable 
costs was even more limited than those of benefits. 
Empirical evidence coupled with quantifiable findings 
was only presented in four articles. This implies the need 
for a comprehensive assessment of the value delivered by 
DTs based on empirical evidence. A comprehensive cost-
benefit analysis, or other quantitative evaluation methods, 
are recommended to tackle this issue, or to potentially 
identify the limitations of DTs. Further assessment of the 
different quantitative appraisal methods for DT 
investment should be conducted to recommend the most 
suitable one. It is also recommended to conduct research 
to develop a benefit and cost taxonomies for DTs to assess 
the viability of this innovative system. The suggested lack 
of DT adoption could be related to its high cost of 
implementation or upfront investment. This requires 
further appreciation to the barriers to entry experienced by 
enterprises at both an organizational and people level. 

One limitation of this study was the adoption of IS/IT-
investment evaluation frameworks due to the lack of 
available DT-cost or benefit taxonomies. The used 
framework was not prescriptive and the development of a 
framework with defined benefits and taxonomy can lead 
to a more robust identification of value constituents. 
Another limitation was the lack of mapping the 
relationship and interdependencies between different 
clusters of benefits. Future studies could develop a stock 
and flow diagram to capture any interdependencies which 
would ultimately lead to more refined benefit clusters. 

Moving forward with this study, the research agenda will 
extend this theoretical framework by investigating the 
suitable methodologies for assessing the value of DTs in 
the AECO industry as illustrated in Figure 5. The findings 
of this study have already suggested that case studies are 
robust for assessing the value of new technologies, and 
this method would follow a qualitative inquiry. Other 
potential methods to assess this problem include 
quantitative evaluation techniques such as Cost-Benefit 
Analysis or Multi-Criteria Decision Analysis. In either 
case, the theoretical insights obtained from case studies 
will inform the design of the quantitative assessment.  

By drawing on both qualitative and quantitative evidence, 
this ongoing research could result in a comprehensive 
analysis of the value problem of DTs. The results obtained 
from this study will be used to validate the outcome of the 
primary research. By conducting this research, valuable 
insights could be recommended to various stakeholders in 
the AECO industry including practitioners and 
policymakers. Furthermore, the primary research could 
hold potential academic implications, enriching the 
existing knowledge base. 
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Abstract 
The construction industry increasingly recognizes the 
potential benefits of cyber-physical systems, particularly 
Digital Twin (DT) technology, within the framework of 
Industry 4.0 and Construction 4.0. However, there 
remains a lack of clarity regarding the specific 
contributions of DT to the construction sector, often 
conflated with Building Information Modeling (BIM). 
This paper aims to address this ambiguity by conducting 
a historical review of DTs, delineating their key features, 
and elucidating the opportunities they offer throughout 
the stages of constructed facilities' life. Additionally, this 
paper outlines potential research trajectories and practical 
applications for leveraging DTs to enhance construction 
project delivery. 

Introduction 

We have experienced technological developments and 
applications in the construction industry in recent years. 
The construction industry is taking advantage of the wide 
range of technologies to facilitate digitalization and 
automation, enabling the integration of the construction 
processes at all value chain phases, resulting in the term 
‘Construction 4.0’ (Oesterreich and Teuteberg, 2016). 
Construction 4.0 is attributed to Industry 4.0 which 
focuses on the seamless generation, analysis, and 
communication of data to enable smart manufacturing 
(Perrier et al, 2020). However, the construction industry’s 
adoption of digitalization is still low, particularly in the 
area of Digital Twin which played a huge role in realizing 
Industry 4.0 (Brilakis et al, 2019). However, the intent is 
to use a wide range of smart technologies to digitalize and 
automate construction processes and activities. This is 
done to ensure a reduction in construction costs, more 
accurately controlled construction activities, and time 
savings. 
Several systems and technologies have been determined 
to contribute to the digitalization and automation of the 
construction industry. For Example, cyber-physical 
systems to plan and monitor mobile cranes on site (Kan et 
al, 2018), construction robots (Bock & Linner, 2016), and 
digital twin (DT) for healthcare facilities management 
(Madubuike & Anumba, 2022). Technological 
development is all attributed to enabling and ensuring that 
construction activities are carried out efficiently and 
easily. The construction industry has experienced 
significant project time and cost savings due to important 
technological developments that have improved 
construction operations (Son et al., 2010). Digitalizing the 
construction industry entails using smart technologies, 

systems, or data to convert physical models and tasks to 
virtual models and tasks, enabled by machines or robots.  
This paper investigates the extent to which Digital Twin 
is applicable for enhanced construction project delivery. 
It focuses on how DT can be applied in all phases of 
construction projects including design, construction, 
operation and maintenance, and decommissioning or 
demolition for enhanced project delivery. To achieve this, 
the paper covers the following: background to 
construction 4.0, DT in the construction project delivery 
process, key features of DT and its roles in the different 
project delivery stages, discussions centered on 
characteristics of construction problems amenable to DT, 
construction use cases, and the potential benefits of DT 
application in construction. It identifies salient points in 
the findings and highlights future research areas. 

Construction 4.0 

Background to Industry 4.0 

The manufacturing industry is one of the oldest and has 
gone through several stages seeking improvement 
(Madubuike et al., 2022). It has moved from Industry 1.0 
to Industry 4.0 in line with the phases of the industrial 
revolution. The breakdown of the various phases is as 
follows and shown in Figure 1: 
- Industry 1.0 brought about the steam engine,
- Industry 2.0 saw the assembly line concept to reduce

manufacturing lead time,
- Industry 3.0 embraced computer-integrated 

manufacturing which replaced labor, and 
- Industry 4.0 employed digitalization and automation

to ensure smart manufacturing (Roy et al., 2020).
Industry 4.0 has been made possible due to many great 
technological and scientific advances in the 21st century. 
The introduction and use of computers, the Internet of 
Things, and cyber-physical systems contributed to the 
emergence of Industry 4.0 (Forcael et al., 2020). The 
emergence of Industry 4.0 has also brought about progress 
in the construction industry resulting in the term 
‘Construction 4.0’, which is primarily based on utilizing 
and integrating four key concepts: digital data, 
automation, connectivity, and digital access to enable the 
digitalization of the construction industry (Berger, 2016). 
The current trend in technological advancement supports 
the enablement of Construction 4.0 which, if properly 
considered, would meet the standards of Industry 4.0. 
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Towards Construction 4.0 

The construction industry is characterized by complex 
and peculiar features such as the nature of projects, 
interest in technological investments, and the nature of 
sites which may make it difficult to implement 
digitalization or automation. Despite these 
complexities, the construction industry has 
experienced some increase in technology adoption, 
which is enabling the implementation of the concept 
of Construction 4.0. There is still no consensus on the 
definition of the concept of ‘Construction 4.0’. Similar 
to DT, the definition of Construction 4.0 depends on 
researchers and its application. However, it centers 
around a decentralized connection between physical 
space and cyberspace using ubiquitous connectivity 
(Berger, 2016). However, Perrier et al. (2020) opined 
that Construction 4.0 is not limited to existing and new 
technologies but also implies using real-time data to 
transform project management processes for smart 
decision-making purposes. The manufacturing 
industry has implemented the concept of ‘Industry 4.0’ 
which has given guidance to the construction industry 
on the implementation of ‘Construction 4.0’. 
Construction 4.0 is seen as an innovative construction 
management technique that allows for the creation of 
a smart construction site as driven by Industry 4.0 
(Perrier et al., 2020). However, this definition focuses 
on a ‘smart construction site’ and does not integrate 
the project management process which is also a key 
part of the construction process. 
Consequently, to integrate all aspects of construction, 
this study defines Construction 4.0 as a smart 
construction technique that integrates existing and 
new technologies including real-time data to transform 
and automate the project management and 
construction process thereby ensuring smart decision-
making that leads to efficient project delivery. The 
emergence of technologies amenable to construction 
(Madubuike et al., 2022) is paving the way for the 
implementation of Construction 4.0. Although there is 
no single technology that can develop a Construction 
4.0 environment, the combination of various 
technologies is considered vital. Perrier et al. (2020) 
identified different technologies categorized under 7 
groups that could be combined to create Construction 
4.0. The 7 technology groups include Group 1 (BIM), 
Group 2 (Monitoring – GIS, materials tracking 
technologies, just-in-time (RFID), and life cycle 
management), Group 3 (artificial intelligence), Group 

4 (Data Science – cloud computing, data transfer, and 
data protection), Group 5 (Modeling Systems), Group 

6 (Digital Fabrication – robots and autonomous 
machines), and Group 7 (Prefabrication). Some of the 
listed technologies also combine to develop the Digital 
Twin technology which is still at its nascent stage and 

can provide a good basis for implementing 
construction 4.0. 

Place of Digital Twins in Construction 4.0 

Digital Twinning involves the use of smart enabling 
technologies to virtually represent a physical asset by 
obtaining real-time updates and effect bidirectional 
coordination such that the virtual model closely or 
accurately represents the physical asset (Madubuike & 
Anumba, 2023). There is no single definition for a 
Digital Twin, as each definition depends on the 
purpose for which the DT is designed. DT combines 
smart technologies and data sciences similar to 
Construction 4.0. While DT is centered on creating a 
digital replica that closely represents the physical 
assets including all its instances, Construction 4.0 
focuses on automating the construction and project 
management processes, ensuring smart decisions and 
efficient construction project delivery. In much the 
same way as cyber-physical systems are a critical 
component of Industry 4.0; they are also very 
important in realizing the vision of Construction 4.0. 
Digital Twin can be regarded as a key component of 
Construction 4.0, as all DT enabling technologies are 
required for Construction 4.0. This helps to delineate 
the relationship between DT and Construction 4.0 and 
demonstrate how DT will facilitate the 
implementation of Construction 4.0. For this study, 
DT has been defined as the virtual representation of a 
physical asset using DT-enabling technologies such as 
sensors, communication networks, and 3D models to 
obtain real-time updates and effect bi-directional 
coordination such that the virtual model represents a 
replica of the physical asset in all instances.  

Digital Twins in the Construction Project 

Delivery Process 

Historical Perspective 

While various literature has it that DT was developed 
in 2003, the origins of digital twin technology are 
traced back to the 1960s (Boschert et al, 2018; 
Madubuike et al, 2020). The NASA project in 1960 
started with the twin concept where two physical space 
vehicles were created with one called ‘the twin’ which 
was placed on Earth to mirror the other vehicle in 
space (Boschert et al, 2018; Zhuang et al, 2018). 
However, in the NASA project, the ‘digital’ aspect 
was not included at that time. Subsequently, Micheal 
Grieves introduced the DT concept in his product 
lifecycle management course in 2003 (Grieves, 2014). 
Consequently, DT has been mentioned and applied in 
different fields and industries such as aerospace (Tao 
et al, 2017), automotive (Lahoti, 2021), energy 
(Sivalingam et al, 2018), healthcare (Laaki et al, 
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2019), telecommunications (He et al, 2017), and 
manufacturing (Roy et al, 2020). Additionally, the 
growth of the DT concept is beginning to be integrated 
into the different aspects of construction. 
The flexibility in the DT application could be 
attributed to its features of real-time updates, bi-
directional coordination, and the inclusion of digital 

models for its functionality. Keen (2019) identified 
that DT can take advantage of BIM and 3D models 
including other essential contractual information to 
create digital twin models of buildings using sensors 
and other smart technologies. Figure 1 provides the 
historical milestones with DT applications in various 
fields. 

Figure 1: DT Historical Milestones (Adapted from Madubuike et al, 2020). 

Key Features of DTs 

DT has been identified as a promising state-of-the-art 
digital platform that enables the management and 
monitoring of physical assets (Martinez et al, 2018). It 
has key features that make it applicable to various 
fields and industrial sectors by representing the 
physical asset (including its operational changes) 
through appropriate sensors and communication 
platforms. Some key features of DT include a 3D 
digital model for visualization, real-time updates, 
predictive, and monitoring features, and bi-directional 
coordination (Madni et al, 2019). 
Additionally, studies have developed DT system 
architectures that explain the relationship between the 
DT key features (He et al, 2018; Laaki et al, 2019; 
Madubuike & Anumba, 2022). One of the system 
architectures was used to develop a DT-based 
healthcare facilities management (Madubuike & 
Anumba, 2022; Madubuike et al, 2023). The system 
architecture was developed with six layers including 
the physical, sensing, application, communication, 
device, and virtual prototype layers. These different 
layers were integrated to prove the identified key 
features of DT. 

Key Construction Applications of DT 

The versatility of DT has made its application in 
various industries possible (Madubuike et al, 2022). 
Some DT applications in construction include the use 
of DT to monitor construction work progress (Braun 
et al, 2018), and using DT to monitor the state of 
bridges (Sacks et al, 2018). Another DT use case is 
Singapore’s Frasers Tower constructed by Bentley 
Systems and Schneider Electric, providing a 
connected workplace for DT purposes (BIM News, 
2020). DT for monitoring the state of a bridge (Sacks 

et al, 2018) and a DT-based system for healthcare 
facilities management (Madubuike & Anumba, 2021). 
The DT Hub to promote DT best practices for 
infrastructure and provide a testbed for the information 
management framework for the built environment that 
will enable future National Digital Twin (CDBB, 
2020) is a huge step by Britain to provide a consensus 
view on the implementation of DT. Another DT 
implementation in construction includes DT for 
improved healthcare facilities management by 
monitoring indoor air quality (Madubuike & Anumba, 
2023). Although publications on DT have focused 
more on the operations and maintenance phase, there 
are still opportunities in the construction phase. 

DT Role at Construction Project Delivery Stages 

The versatility of DT is seen in its applicability to 
different fields and industries including the 
construction industry. However, DT application in the 
construction industry is still in its nascent stage. 
Although publications on cyber-physical systems in 
construction date back to 2009, DT publications in the 
construction industry started in 2019 with just 2 
publications which later grew to 17 in 2021 according 
to the Web of Science (Madubuike et al, 2022). There 
is an increasing volume of literature on DT 
applications in the construction industry. However, 
much of the literature on DT in construction focuses 
on concept proposal and prototype development with 
fewer cases of industry implementation. This shows 
that the construction industry is still exploring the best 
application areas for DT. The applicability of DT to 
the 4 high-level stages of the construction project 
delivery process is discussed below: 
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Design 

The design stage is one of the earlier stages of any 
construction project where the planning and design of 
the project to be constructed are conducted. The design 
stage is very important as it defines the product and the 
associated processes needed to bring it to fruition. In 
Latin American countries, it was determined that 20-
25% of the construction period is lost due to design 
deficiencies (Undurraga, 1996). Additionally, design 
changes during construction are responsible for the 
increase in project costs, delays, and in some cases, 
poor quality of work (Hindmarch, 2010). Several 
design management tools and techniques such as the 
Analytical Design Planning Technique (ADePT), Last 
Planner methodology, and Construction Design 
Change Management (CDCM) model have been 
identified (Hindmarch, 2010). However, these tools 
and techniques lack the essential feedback experience 
that would help avert any future change when 
construction begins. Consequently, DT can be used at 
the design stage to run ‘what-if’ simulations of real-
life scenarios to ensure that most or all possible 
changes are fully considered at the design stage.  
DT implementation at the design stage is currently 
being considered by construction sector companies 
embracing the growing trend in technology. This 
would entail ensuring that all requirements and 
conditions essential for DT implementation are 
considered at the design stage. It will ensure an 
effective and seamless integration of the digital model 
with the physical facility being constructed. 
Additionally, the use of VR and AR can be considered 
good tools while implementing DT in the design phase 
where project stakeholders can experience the 3D 
model and make all necessary observations and 
changes before construction. Negendahl (2015) 
proposed using 3D geometrical models to run building 
performance simulations (BPS) at the design stage to 
ensure buildability and effective building 
performance. Sacks et al (2018) and Brilakis et al 
(2019) proposed a geometrical digital twin in 
developing a design model. However, this was to 
develop digital models for already existing structures. 
A geometric digital model can be augmented with 
semantic information and is the first step to creating a 
digital twin (Brilakis et al, 2019). This model is then 
continuously updated with construction and 
operational data/information that enable it to 
adequately represent the physical facility and facilitate 
bi-directional coordination between the two. 

Construction 

The construction stage is an important phase of 
construction where all design ideas and plans are 
implemented. The construction phase is laden with 
complexities that may affect the adoption of modern 

technology. Some of the complexities include 
difficulty understanding the construction phase 
requirements and adopting modern technologies due 
to insufficient information (Shahrabi & Mohammadi, 
2013; Anumba, 2000). However, DT has proven to be 
versatile and can be implemented at certain phases of 
the construction stage to ensure that projects are well 
constructed to meet the client’s needs.  
DT can be used to monitor construction work progress 
(Braun et al, 2018), and workers’ productivity, and 
compare as-builts to the initial designs. DT can 
provide the opportunity for stakeholders to get 
involved in a project for site inspection even without 
being physically present. This can be possible using 
third-party applications that enable 3D/360-degree 
remote viewing. The creation and implementation of 
DT in the construction phase also depend on the 
available digital model or the Building Information 
Model (BIM), which contains the 3D geometric 
information necessary for DT creation. 
One of the major purposes of every DT 
implementation is to create a digital model that truly 
represents the physical facility and enables real-time 
performance monitoring. Consequently, the digital 
model created at the design stage is developed further 
during construction to capture the actual as-built 
information, which is vital for the operations and 
maintenance stage. 

Operation and Maintenance 

The effective implementation of the design and 
construction stages would determine the outcome of 
the operation and maintenance phase. The operation 
and maintenance phase defines the building’s 
performance and its lifecycle management. It is 
imperative that buildings or any other infrastructure 
should be designed and constructed with lifecycle 
management in mind. DT offers effective 
opportunities to monitor and manage facilities and 
ensure improved facilities’ performance. The 
implementation of DT for the operations and 
maintenance stage should be considered at the 
inception stage (Grieves & Vickers, 2017). 
DT implementation in the operation and maintenance 
phase has been considered by various studies. Some 
examples include the use of DT for bridge inspection 
(Sacks et al, 2018), DT for a connected workplace in 
one of the office towers in Singapore, and a DT-based 
system for healthcare facilities management 
(Madubuike & Anumba, 2021). These examples show 
that the implementation of DT in construction, 
particularly in the operation and maintenance phase, is 
beginning to grow. There are more prospects for DT 
implementation in the operation and maintenance 
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phase, especially in monitoring the performance of 
key equipment and building components (Madubuike 
& Anumba, 2021; Madubuike, 2022; Asare, 2023; 
Kang & Mo, 2024). 

Decommissioning/Demolition 

Decommissioning/demolition is the last stage in the 
lifecycle of any constructed facility. It comes up when 
a facility has reached the end of its useful and 
economic life. Some important considerations before 
decommissioning and demolition include relevant 
components of the facility that could be salvaged 
given their current use/reuse value, ensuring that the 
demolition would not be harmful to the environment 
or surroundings, and the selection of the most 
appropriate techniques for the demolition (Anumba et 
al, 2008; Stevens, 2019). Currently, no study has 
addressed DT applicability with decommissioning or 
demolition. However, DT can be used to run 
demolition simulations of real-life scenarios to 
understand what better techniques to adopt and the 
possible effects of the techniques adopted. DT offers a 

range of benefits depending on what purpose it was 
created for. 

Discussion 

Bi-directional Coordination 

Bi-directional coordination is the final of the DT 
features which enable information flow between the 
physical to digital model and vice versa. Figure 2 
provides a proposed simple schematic representation 
for DT bi-directional coordination. The sensors obtain 
information from the physical asset which updates the 
DT platform and the controller. The controller 
detecting any anomaly in the data received, sends a 
control effort to the actuator. The actuator inputs a 
control signal that updates the physical asset. An 
example where this bi-directional coordination model 
can be applied would be in controlling systems within 
buildings such as the HVAC system and others. 

Figure 2: Schematic representation of DT Bi-directional Coordination. 
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Characteristics of Construction Problems Amenable 

to DT 

The application of DT to the realization of construction 
4.0 is still at the nascent stage due to the construction 
industry’s slow adoption of emerging technologies. The 
construction industry (CI) is one of the major industries 
with unique and complex processes, interrelated 
activities, and high uncertainty levels. Consequently, no 
two similar construction projects are directly similar. This 
can be attributed to the volatile nature of the construction 
industry (Brilakis et al, 2019) which makes it difficult for 
the adoption of smart technology. Some of the 
characteristics of the CI include methods of procurement, 
a large number of small and informal contractors, 
fragmentation with too many stakeholders, no single 
regulatory authority, reliance on temporary skills, and 
cultural influence (Boadu et al, 2020). However, given the 
growing technological trend in the construction industry, 
some of the problems associated with these CI 
characteristics can be addressed through DT adoption t. 
The real-time monitoring feature of DT can be used to 
monitor construction work progress and construction 
workers, generating DT models of physical structures and 
enabling real-time updates and bi-directional 
coordination for the lifecycle performance of a facility 
(Braun et al., 2018; Brilakis et al., 2019).  

DT Best Practices 

DT has proven to be a fast-growing and versatile 
technology applicable in various fields. Given the 
versatility of DT, calls have been made to create DT best 
practices. Brilakis et al (2019) explored DT and its market 
while requesting its standardization for market demands. 
Other researchers have argued that its different protocols 
and standards affect the potential for DT standardization 
(Qi et al, 2019; Madubuike & Anumba, 2021). However, 
there has been some progress made in providing 
interoperability in DTs. Some of the DT best practices 
include the 3rd Generation Partnership Project (3GPP) for 
5G communications for DT, oneM2M to standardize a 
service layer IoT platform, ISO/TC 184 for industrial data 
standards, ISO/IEEE for digital health data, and IEC 
TC65 for interoperability in the smart factory (Song & Le 
Gall, 2023). The creation of these best practices and 
standards may help improve DT adoption in construction 
which is characterized by complex and unique projects. 

Potential Benefits of DT in Construction Project 

Delivery 

DT offers several potential benefits that may be integrated 
into the various phases of a construction project. The 
potential benefits that DT has to offer in construction 
product delivery if properly implemented can be drawn 
from other fields and areas where DT has been 
successfully implemented. Understandably, construction 
project delivery (CPD) is guided by three major baselines 
– quality, cost, and schedule. The potential benefits of DT

for construction project delivery can be weighed against 
these baselines. The following are DT potential benefits 
that can be attributed to CPD including automated 
progress monitoring, updated as-built drawings, safety 
monitoring, resource planning and logistics, optimization 
of equipment usage, quality assessment, monitoring and 
tracking of workers, monitoring of a facility, facilities 
management and operations, decision making and 
sustainable development (Madubuike & Anumba, 2022).  

Conclusions 

Digital Twin technology has shown flexibility and 
applicability in various industries particularly in the 
manufacturing industry leading to the emergence of 
Industry 4.0. Consequently, the construction industry has 
taken a cue from the emergence of Industry 4.0 to initiate 
the emergence of Construction 4.0. Similarly, 
Construction 4.0 adopts smart technology,  
digitalization, and automation to make smart decisions 
during the construction and operations of buildings and 
facilities. Although Construction 4.0 is yet to be 
actualized like Industry 4.0, studies show that DT 
application in construction is growing. This paper made 
efforts to discuss DT application in construction with a 
focus on the various stages of construction. DT 
applications in the design, construction, operations and 
maintenance, and decommissioning/demolition stages 
were discussed. 
DT provides potential benefits to the various phases of 
construction which would ensure enhanced construction 
project delivery. In the design phase, DT can help in 
capturing as-built information that will fully represent the 
finished project. For the construction phase, it can be used 
to monitor project progress. During the operations and 
maintenance phase, DT can provide real-time updates to 
monitor facility performance. The use of DT to run 
simulations to salvage valuable building components and 
determine effects on the environment before demolition is 
another considerable benefit. In summary, DT helps in 
smart decision-making for improved construction project 
delivery. 
The growing trend in smart technologies and DT studies 
in construction will help enhance construction project 
delivery through the DT approach. Understanding the 
concept, characteristics, and applicability of DT together 
with the characteristics of the construction industry 
amenable to DT are essential in improving construction 
project delivery through the DT approach. DT offers 
potential benefits in enhancing construction project 
delivery by ensuring cost reduction, avoiding design 
errors, minimizing delays during construction, 
monitoring construction progress, and real-time reporting 
on a facility’s performance. These potential benefits of 
DT cut across the various stages of construction delivery. 
Future DT research can investigate in detail the 
implementation of DT at the various stages of the 
construction process highlighted in this paper. 
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Abstract 
The implementation of effective workflows based on a 
fully open BIM-GIS (Building Information Modelling-
Geographic Information Systems) integration is still an 
unsolved topic. This is mainly due to the lack of freely 
available BIM authoring tools, as well as to still unfixed 
interoperability issues between software. In this context, 
this paper proposes a new methodology to effectively 
integrate BIM and GIS without using commercial tools 
and proprietary formats. The proposed workflow is 
enabled by the use of the add-on “BlenderBIM” for the 
free software “Blender”, which allows to manage IFC 
(Industry Foundation Classes) models by updating non-
geometric information through “.csv” files. Moreover, 
“.csv” files are also assumed as the main information 
exchange vehicle between BIM and GIS. The method is 
finally validated through an illustrative case study.  

Introduction 
Currently, the management of large building stocks is one 
of the most challenging activities which copes with many 
heterogeneous aspects and issues. In such a framework, 
the paper proposes a methodology capable of integrating 
different but strongly complementary tools, data, and 
information for a multiscale approach. It shows the first 
results of an ongoing research focused on the integration 
of BIM and GIS environments by taking advantage of 
open-source tools and non-proprietary data exchange 
formats. It is worth specifying that the herein proposed 
experimentation is part of a wider research concerning the 
implementation of an effective BIM-GIS integration in 
support of facility management of large building stocks 
(Congiu et al., 2024). However, the BIM-GIS workflow 
proposed in (Congiu et al., 2024) took advantage of open-
source tools except for the BIM authoring. In this context, 
this contribution preliminarily attempts to replace the 
commercial BIM authoring in the original workflow 
(Congiu et al., 2024) by introducing BlenderBIM 
(BlenderBIM Add-On, n.d.) (an open-source BIM tool 
which is still in an unripe maturity level but really 
promising) and testing it through a simple abstract case 
study. In contrast to what has been mainly proposed in the 
literature concerning BIM-GIS integration so far, the 
methodology presented in this paper does not aim at 
transferring BIM data to the GIS platform. This unusual 
choice relies on the belief that it would be more 
advantageous to not wholly transfer integral BIM models 
into a GIS system firstly to prevent information 
redundancies and wastes, by keeping well distinct the two 
informative systems, as they have distinct purposes. 
Moreover, in the perspective of implementing an effective 
BIM-GIS integration to manage large building stocks, 

transferring into GIS a considerable amount of integral 
BIM models it would make GIS projects too large and 
extremely difficult to be managed. For this reason, only 
some necessary information (selected based on the 
specific application field of the BIM-GIS integration) to 
be handled at an urban scale should be considered to be 
shared between the two information systems. The work 
thus focuses on a bidirectional integration between the 
two informative systems, by linking them and allowing 
for an easy switch from one system database to the other.  
The experimental phase, reported in the final part of the 
paper, focuses on the validation process of the 
methodology developed by applying the proposed 
methodology to an illustrative case study. 

Literature review 
Open BIM workflows: use of the IFC 
In accordance with the buildingSMART International 
definition, openBIM is intended as a collaborative 
vendor-neutral process, which has to ensure good 
interoperability, the use of open standards and workflows, 
reliability of data exchange flows, flexibility, 
collaboration and sustainability (buildingSMART 
International, n.d.). It is also worth remarking that the 
non-profit organization buildingSMART International is 
responsible for creating and adopting open international 
standards such as IFC (Industry Foundation Classes), 
bSDD (buildingSMART Data Dictionary), and BCF 
(BIM Collaboration Format) to promote a common 
language in data exchange. In particular, the IFC schema 
is a standardized, ISO-recognized (ISO 16739-1:2018), 
data model that codifies the identity, semantics, objects, 
related attribute and processes (buildingSMART 
International, n.d.). The IFC schema is currently used as 
an exchange data format. Some interoperability issues are 
therefore due to the fact that IFC is not treated as a native 
way of recording data created by specific BIM 
applications (Malewczyk, 2022). Unlike other BIM 
authoring tools, Malewczyk showed how the open-source 
add-on BlenderBIM for Blender (Blender 4.0, n.d.; 
BlenderBIM Add-On, n.d.) works as a true IFC authoring 
tool, thus minimizing the risk of data loss related to forced 
data conversions. 
In this context, it is worth mentioning a comprehensive 
literature review on the openBIM domain, workflows, 
standards, software platforms, and tools, provided by 
Jiang et al. as an outcome of an accurate investigation of 
the most accredited databases (e.g. Scopus, Web of 
Science, Science Direct etc) (Jiang et al., 2019). Their 
study supplies indeed a detailed understanding of the 
progress status of OpenBIM research by also discussing 
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the actual research gaps, including still unfixed critical 
issues in integrated BIM-GIS applications. 

BIM-GIS integrated systems 
Geospatial data in building planning and management 
play a very important role both because of their ability to 
integrate objects in a spatial context and to simplify all 
those operations involving a huge amount of information 
and data related to objects and to the territory in which 
these objects are located. Among geospatial data tools, 
Geographic Information Systems (GIS) play an important 
role, mainly due to their ability to perform spatial analysis 
and complex queries  (Satria & Castro, 2016). In all cases 
where GIS involved a large building stock, the most 
crucial issue to be faced was to manage the huge amount 
of data and information that a building stock brings with 
itself. In the management of such data, a significant 
contribution has been made by BIM-GIS integration. GIS 
and BIM share similar features as they both manage 
spatial information but at different scales. Moretti et al. 
explored the combination of BIM and GIS and proposed 
a GeoBIM approach intended to im-prove digital Asset 
Management (AM), by especially focusing on outdoor 
and indoor condition assessment of the built environment. 
More specifically, Moretti et al. presented a GeoBIM 
model of the university Leonardo Campus of the 
Politecnico di Milano (Milan, Italy), by importing IFC 
models into a GIS environment in a 3D spatial data format 
by taking advantage of a specific commercial tool (FME 
workbench) (Moretti et al., 2021). Similarly, Sammartano 
et al. worked on a 3D City Model of Turin (Italy) to 
develop a digital twin of the city by taking advantage of a 
BIM-GIS integration with ArcGIS Pro (Sammartano et 
al., 2021a). Recently, Facility Management (FM) research 
is involving integrated BIM-GIS systems. FM is 
increasingly focused on finding solutions and tools to 
work at different scales more efficiently, from 
component, room, or building scale to spatial, regional, or 
national (Vankova et al., 2021). By way of example, Kang 
et Hong advanced a proposal of a software architecture 
based on an effective BIM-GIS integration using IFC and 
CityGML schemas, to specifically support FM (Kang & 
Hong, 2015). Vacca et al. showed the results of a research 

concerning the integration between BIM and 3D GIS, 
applied to a housing project in the city of Cagliari (Italy) 
(Vacca et al., 2018). Mangia et al. provided a 
comprehensive study, based on the analysis of the 
literature, concerning BIM-GIS integrated systems for 
managing large building stocks (Mangia et al., 2022). 
Meschini et al. focused their research on the development 
of an Asset Management System (ASM) for university 
building stocks by combining BIM and GIS with 
cognitive digital twins (Meschini, Accardo, et al., 2022; 
Meschini, Pellegrini, et al., 2022). Other interesting 
applications of GIS-BIM integration systems refer to the 
management of infrastructures such as highways (Zhao et 
al., 2019), airports (D’Amico et al., 2020), or railways. 
Wang et al. introduced a comprehensive study on the 
progress status of the research on BIM-GIS integration 
and its applications, by specifically underlining some still 
unsolved critical issues related to one-way IFC-to-
CityGML conversion (Wang et al., 2019). The potential 
of BIM-GIS integration in several application fields was  
investigated by Liu et al. through an extensive state-of-
the-art review (Liu et al., 2017). The research of Liu et al. 
revealed still unfixed issues related to information loss or 
corruption in data exchange, but also the potential of 
semantic web technologies as promising integration 
solution. Concluding, it can be stated that BIM-GIS 
integration still needs to be enhanced in terms of software 
interoperability, data exchange accuracy and use of open-
source tools and datasets. 

Methods and tools 
In light of what has emerged from the literature review, it 
can be stated that although some available commercial 
tools allow to transfer BIM models into GIS maps by 
taking advantage of IFC-to-CityGML conversion 
(Sammartano et al., 2021b), a lack of BIM-GIS integrated 
workflows uniquely based on open-source tools is still 
noticeable. This evidence then motivated the present 
research which is focused on developing a new BIM-GIS 
integrated workflow by only taking advantage of open-
source tools, add-ons and non-proprietary data formats 
(see Figure 1).  

Figure 1.BIM-GIS integration workflow through open-source tools 
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It is also worth remarking that the proposed workflow is 
aimed at implementing an effective two-way integration 
between the two informative systems, by properly relating 
them and allowing for an easy switch from one system to 
the other, without transferring whole BIM databases into 
GIS maps. In this configuration, users can easily find the 
information which they require in the BIM model, at the 
scale of the specific building, and in the GIS model, at the 
scale of the large stock to which the specific building 
belongs. Moreover, the link between BIM and GIS 
models ensures that all the information, stored without 
copies or redundancies, is always updated and 
consequently reliable. 

IFC model management through BlenderBIM 
BlenderBIM (BlenderBIM Add-On, n.d.) is an add-on for 
the free but advanced modelling and rendering software 
Blender (Blender 4.0, n.d.). BlenderBIM provides an 
open-source IFC authoring platform which combines 
common abilities of modelling with additional 
scheduling, costing, simulating, and coordinating 
features. Blender and BlenderBIM add-on, unlike other 
BIM authoring programs, do not take advantage of object-
oriented modelling tools. Blender tools allow the designer 
to create geometries whereas the BlenderBIM add-on 
allows the user to assign IfcClasses and related property 
sets to the modelled objects. BlenderBIM takes use of the 
IFC schema to classify geometries (Malewczyk, 2022). 
As shown in Figure 2, BlenderBIM easily allows a 
qualified user to model, edit and manage any sort of IFC 
object, as well as to manage IFC models deriving from a 
third BIM authoring tool. Therefore, BlenderBIM 
modelling is not object-oriented but rather IFC based. 
Elements classification and attributes are compliant with 
IFC standard, provided that a proper IFC class is assigned 
to each object. It can be therefore stated that, differing 
from other BIM authoring tools which use IFC standard 
to simply exchange data, BlenderBIM takes advantage of 
IFC as a native way to record information about the model 
(Malewczyk, 2022). As it is not among the goals of this 
research to transfer whole BIM models into GIS systems, 
the proposed workflow simply considers exporting 
IfcSpaces polygons as geometric items through the open-
source add-on “ezdxf_exporter”. The latter enables to 
export some selected IFC geometries to “.dxf” (Drawing 
Exchange Format) by properly setting custom properties 
of the exported layers. The choice of importing into GIS 
only BIM objects with simple geometry (i.e. IfcSpaces) is 
consistent with the aim of preliminarily testing the two-
way effectiveness of the proposed BIM-GIS workflow on 
a simple dataset. In addition, IfcSpaces are suitable to be 
imported into a GIS environment as they can provide a 
proper .dxf geometric data source for a GIS shape file. 
The “.dxf” format is therefore assumed as the main 
exchange data vehicle between BIM and GIS for 
geometric entities. Moreover, the “Quality and 
Coordination” dialogue box of BlenderBIM provides a 
powerful “IFC-CSV Import/ Export panel” which enables 
two-way alphanumeric data exchange between the IFC 
model and “.csv” spreadsheets. This is the core of the 
proposed methodology as this BlenderBIM functionality 

allows to export IFC alphanumeric data to a “.csv” tabular 
form, as well as to directly update information stored in 
an IFC model by reimporting updated “.csv” tabular data 
back, provided that specific IFC selection queries are 
properly set up through specific panels (“Add Search 
Group” and “Add CSV Attribute”). It can be stated that 
the IFC model is the main repository of information in the 
proposed workflow. CSV files are used instead as main 
information exchange vehicle between BIM and GIS for 
non-geometric data. 

BIM-GIS data integration 
The aforementioned datasets (i.e. geometric and semantic 
IFC data) are then imported and managed through the 
open-source GIS software QGIS (Quantum Geographic 
Information System) (QGIS, n.d.). QGIS enables to 
develop a suitable GIS environment to handle spatial data. 
Both 2D and 3D georeferenced maps can be easily built 
by taking advantage of freely available raster and vector 
layers (provided that also elevation values are included in 
attributes), such as the following: 
1. DTM (Digital Terrain Model) raster layer adopted as

DEM (Digital Elevation Model) source for the terrain
elevation (freely available for Sardinia Italian region
(SardegnaGeoportale – Aree tematiche, n.d.)

2. orthophoto of the area
3. vector shape file of volumetric units of buildings from 

a geo-topographic database (GTDB) 1:2000, freely
available for Sardinia Italian region 
(SardegnaGeoportale – Aree tematiche, n.d.). 

2D and 3D queryable maps with basic topographic 
contents provide a suitable GIS-based environment to be 
efficiently integrated and linked with additional 
geometric and non-geometric information extracted from 
BIM models. As previously anticipated, the proposed 
BIM-GIS integration requires a clear distinction between 
geometric items and respective semantic attributes to be 
exported from BIM models to be transferred to the GIS 
environment. This clear separation is made necessary by 
the need to export selected geometric items to a “.dxf” 
format, which is suitable for generating GIS shape files 
but which, however, also involves the loss of most of  
information associated with the exported objects. 
Fortunately, non-geometric data associated with the 
selected IFC objects can be exported, in a tabular form, to 
a specific structured “.csv” file, which can supply a 
suitable data source of a GIS geometryless vector layer in 
the QGIS scene (by keeping information constantly and 
mutually synchronized). As shown in the flowchart in 
Figure 1, semantic alphanumeric information needs to be 
properly linked to the respective geometric objects in the 
GIS environment, without losing synchronization with the 
data source files. This operation is made possible by the 
QGIS “Joins Properties” layer tab (QGIS, n.d.), allowing 
the user to associate geometric features of the current 
layer (called “Target layer”) with alphanumeric attributes 
from a geometryless layer (i.e. the “Join layer”). The layer 
“Joins Properties” functionality requires a “Join field” 
common to both layers to join, to accurately associate 
attributes of the “Join layer” with the “Target layer”. In 
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this regard, the proposed BIM-GIS integration approach 
provides for the assignment of IFC object names to “.dxf” 
layers during the related export, in order to create a 
suitable “join field” to allow subsequent “join” of 
attributes with the “.csv”-based geometryless layer in the 
QGIS environment. According to one of the main 
purposes of this research, in order to improve the bi-
directionality on the BIM-GIS integration, the attribute 
tables of GIS layers may also include URL fields to hold 
specific hyperlinks to directly access useful additional 
files, like BIM models (e.g. BlenderBIM projects 
including IFC models). 

BIM-GIS data visualization and management 
The BIM-GIS workflow herein advanced, takes 
advantage of QGIS layer display features to enhance data 
visualization and management of the GeoBIM model. As 
previously anticipated, only IfcSpace objects have been 
assumed to be exported from BIM and imported into the 
GIS environment as 2D vector polygons. The latter may 
be also displayed on 3D maps as long as the related 
“height” values are set up as “extrusion” values in the 
layer 3D view tab. Also building “volume units” of the 
GTDB layer may be “extruded” on QGIS 3D maps to 
provide an effective graphical representation of urban 
contexts. In this regard, in order to make BIM-derived 
buildings more easily identifiable from the GIS urban 
context, a detailed 3D representation of that buildings, 
based on “.OBJ” geometries exported from the IFC 
authoring (i.e. BlenderBIM), may be associated with the 
related centroids (displayed as vector points in 2D maps) 
through the layer 3D view tab. In addition, QGIS rule-
based filters for vector layers provide a powerful tool to 
ease data visualization and management in the herein 
advanced GeoBIM approach. More specifically, QGIS 
rule-based render options allow to discriminate features 
of a layer according to their at-tribute values by assigning 
them specific rendering settings. Filtering rules can be set 
up by taking advantage of a powerful SQL (Structured 
Query Language)-based “Query builder” dialog. In this 
regard, it is worth remarking the importance of setting up 
equally-named filters, based on the same rules, in both 2D 
and 3D view properties of layers, to ensure a perfect 
correspondence between 2D and 3D visualization of GIS 
maps. Unfortunately, QGIS does not enable to 
concurrently activate corresponding 2D and 3D render 
filters, so that users must therefore pay attention to 
activate 2D and 3D render options properly. 

Workflow validation: a case study 
The current section of this paper is aimed at validating the 
effectiveness of the BIM-GIS workflow, uniquely relying 
on the use of open-source tools and non-proprietary data 
formats, by simulating an illustrative example of data 
exchange, integration, visualization, and management, 
without employing a real case study. Therefore, as an 
example, a basic six-room house, developed on a single 
floor, has been modelled and adopted as an abstract 
illustrative case study to test the proposed BIM-GIS 
workflow. At this preliminary stage, the proposed 
methodology has not been implemented for a specific 

application field. For this reason, this work does not focus 
on specific information requirements nor on precise 
information sets to be transferred from BIM to GIS, as 
only some abstract test parameters have been used to 
validate the two-way effectiveness of the method. 

IFC model management through BlenderBIM 
A basic BIM model of the adopted application case study, 
managed through the IFC authoring add-on BlenderBIM, 
is shown in Figure 2. As highlighted through a specific 
object selection, the model includes six IfcSpaces, whose 
attributes are manageable through the “Attributes” sub-
panel included in the related “Object Information” tab, 
available among the BIM setting tabs on the right section 
of the BlenderBIM Graphical User Interface (GUI). It can 
be noted that the “Name” attribute provides a univocal 
numeric code assigned to each IfcSpace, whereas the 
“LongName” is a textual parameter, conceived to store 
the space full name commonly including information on 
space end uses. The “GlobalId” attribute provides instead 
the 22-character encoded internal ID, which is 
automatically generated by the software for each IFC 
element. According to IFC standard, IfcSpaces are 
characterized by several property sets, among which it is 
worth mentioning the “Attributes” set (including the 
fundamental attributes cited above), the “Object Property 
Sets” (including various properties sub-groups), the 
“Object Quantity Sets” (containing all relevant 
parameters for quantity take-off), and so on. In addition to 
standard IFC attributes, IfcSpaces are herein also 
equipped with a custom IfcBoolean parameter, named 
“TestParameter”, specifically created to be edited while 
performing experimental simulations of data exchange 
and management to assess strengths and weaknesses of 
the proposed BIM-GIS integration. In accordance with the 
proposed methodological workflow (Figure 1), IfcSpaces 
are exported to “.dxf” subject to properly set layer 
properties by assigning IfcSpace names to each respective 
exported layer through “ezdxf_exporter” add-on for 
Blender (see Figure 3). As far as IfcSpace alphanumeric 
data are concerned, some selected attributes, quantities 
and properties, including the aforementioned 
“TestParameter”, are exported to a “.csv” tabular format 
(through the specific functionality of BlenderBIM), 
provided that specific IFC selection queries are defined 
properly (see Figure 4). It is worth remarking that the 
BlenderBIM sub-panel “Quality and Coordination” also 
allow to update the involved IFC data by simply 
uploading the updated version of the “.csv” file, as long 
as the same IFC selection queries used to export data are 
set up (Figure 4). This is fundamental to ensure a real 
bidirectional integration between BIM and GIS, as it will 
be shown more clearly at the next validation sections. 
BIM-GIS data integration 
In order to show an application of the proposed workflow, 
the IFC data extracted from the basic BIM-based model 
adopted as abstract case study, are properly imported into 
a GIS map. By way of example, a GIS map composed of 
a Digital Terrain Model, an orthophoto and the building 
“volume units” vector layer included in the Geo-
topographic database (GTDB), all freely available as open 
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geospatial data for the city of Cagliari, is generated. 
Thanks to the “elevation” attributes, it has been also 
possible to implement a 3D view of the map, thus 
providing both 2D and 3D representations of the urban 
context. Then, a georeferenced vector layer with 

geometric polygons is also added to the map as a shape 
file, by using the IfcSpaces “.dxf” file as data source. 
Consistently with the specific “.dxf” export setup herein 
adopted (described in the previous section), the “Layer” 
field in the attribute table holds the IfcSpace names. 

Figure 2: IFC model management through BlenderBIM (the illustrative case study) 

Figure 3: IfcSpaces export to .dxf (settings) 
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Figure 4: BlenderBIM – Export IFC to CSV and Import CSV to 
IFC settings for managing IfcSpaces data 

The “.csv” table holding the additional alphanumeric 
IfcSpace data provides instead a suitable data source for a 
geometryless vector layer. In accordance with the 
advanced methodological approach, all fields of the csv-
layer attribute table have been added to the attribute table 
of the IfcSpace layer including vector polygons by 
properly setting “Join Properties” of the “Target layer”.  
It is extremely important to underline that this operation 
ensures a join of attribute tables (see Figure 5) of the two 
involved layers without merging them, so as not to lose 
synchronization with the “.csv” data source of the 
geometry-less layer. Moreover, the IfcSpace “Name”, 
shared by both attribute tables, provided a suitable “Join 
field” to correctly associate “IfcCSV” data with the 
respective IfcSpaces. It can be also noted that all attributes 
derived from the “Join layer” (i.e. the geometry-less csv-
laver) are specifically marked with the prefix “IfcCSV_” 
in order to distinguish them from the layer original 
attributes instantly (see Figure 5). It should also be 

reported a critical issue related to the impossibility to 
directly edit attributes deriving from the “Join layer” 
through the attribute table of the “Target layer”. Those 
attributes can be only managed by editing their original 
geometry-less layer synchronized with its “.csv” data 
source. Concluding, a vector layer including a 
georeferenced point, corresponding to the building 
footprint centroid, is added to the map, to hold general 
information about the building. To enhance the bi-
directionality of the advanced BIM-GIS integration, the 
attribute table of the building centroid has been equipped 
with a special attribute (named “IFC model”) to store an 
hyperlink (see Figure 6) to directly access the 
BlenderBIM project (holding the building IFC model). 

BIM-GIS data visualization and management 
As already declared, the GIS-based open-source tool 
QGIS is herein also adopted as GeoBIM data visualization 
and management platform. As far as data visualization is 
concerned, the IfcSpaces are graphically represented as 
vector polygons on the 2D map, whereas they are 
displayed as box objects on the 3D map, as long as the 
“IfcCSV_Height” attribute is assigned as extrusion value 
in the layer 3D view tab. Moreover, the building centroid 
is displayed as a georeferenced point on the map 2D view, 
whereas a detailed semi-transparent 3D hologram of the 
IFC model, based on the building “.OBJ” geometry 
exported from BlenderBIM, is associated as 3D model 
shape with the point 3D view properties (as shown in 
Figure 7). The detailed 3D hologram of the building is 
aimed at making BIM-derived buildings more easily 
identifiable from the box objects representing the built 
urban context. In Figure 7 some possible rule-based 
renderer filters are also shown. In this regard, the first 
exemplifying layer filters are simply based on the 
IfcSpace “names”, which are also assigned as labels. The 
last two display filters, which are activated in Figure 7, 
are based on the Boolean value of the 
“IfcCSV_TestParameter”, by assigning the red colour to 
“False” and the green colour to “True”. It can be also 
noticed that the respective 2D and 3D layer filters, based 
on the same display rules, are simultaneously activated. 
Notwithstanding that the 3D view of the shown GeoBIM 
model could be beneficial in terms of objects visualization 
quality, the map 2D view turned out to be more easily 
accessible, queryable and manageable as informative 
system.

Figure 5: QGIS - Attributes table of the IfcSpaces (.dxf) polygons layer with additional “joined” attributes from .csv tabular data
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Figure 6: QGIS – IFC model hyperlink attribute 

The conducted experimentation was finally concluded by 
validating the bidirectionality of the proposed BIM-GIS 
integration by first editing the “TestParameter” value of 
an IfcSpace on the GIS system and then successfully 
updating the IFC model by simply reimporting the related 
“.csv” file automatically updated thanks to data 
synchronization. 

Conclusions 
The integration of BIM and GIS methodologies and tools 
achieves high levels of effectiveness and efficiency in 
large building stock management. Starting from these 
premises, this paper shows the results of an ongoing 
research focused on the development of a methodological 
framework integrating BIM and GIS environments. The 
experimental phase conducted on an abstract illustrative 
case study allows the authors to highlight the strengths 
and weaknesses of the methodological framework 
developed. One of its strengths focuses on the exclusive 
use of open-source tools and open, international 
standards. This aspect is strictly bound with the important 
issues of interoperability, customization, verifiability, 
optimization, and low costs. The proposed methodology 
involves Blender-BIM, an open-source software that 
supports BIM approach, QGIS, an open-source software 
that allows users to manage geospatial information, and 
open standards like DXF and CSV. The work focuses on 
a bidirectional integration between the informative tools, 

by linking them and allowing for an easy switch from one 
system database to the other. Despite the benefits that this 
methodology offers, some potential critical issues have 
emerged. It is worth underlining the difficulties in data 
management and visualization through QGIS filters. 
Users must pay attention to manually activate both 2D and 
3D display filters that are not synchronized although they 
are based on the same rules. Moreover, the 3D view is 
affected by some annoying selection bugs, which make it 
difficult to correctly query the 3D map. Another issue is 
the critical management of the attributes deriving from the 
“Join layer”. These attributes can be only managed by 
editing their original geometry-less layer synchronized 
with its “.csv” data source. Finally, although the proposed 
workflow still needs to be improved and validated, it 
could be a solution to overcome some unfixed critical 
issues still affecting interoperability between commercial 
tools and enhance collaboration. Future work 
development will focus on the issues shown above. 
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Abstract 
The study proposes a methodological approach for 
organizing, storing, and handling diverse data across 
disciplines using digital systems structured on the 
internet with a multi-level strategy. This workflow 
follows traditional knowledge process steps, storing and 
organizing outcomes in a unified web-based model using 
pre-existing ontologies. The goal is to distribute data 
among stakeholders and establish a decision support 
system for the energy community. The digital twin 
implementation integrates IoT technologies, Big Data 
analysis, and territorial modeling, enabling energy 
management solutions at both individual (residential) 
and larger (community) scales. 

Introduction 
The energy consumption of buildings is a pivotal factor in 
achieving sustainable development, encompassing 
economic, environmental, and social dimensions. This 
theme of sustainability is currently a high priority in 
global and European policies. In the European Union, 
buildings account for 40% of energy consumption and 
36% of climate-altering emissions (Energy Efficiency in 
Buildings - European Commission. 
In 2019, the European Community launched the European 
Green Deal, a comprehensive suite of strategic initiatives 
aimed at combating climate change and global warming. 
The primary objective of this plan is to achieve climate 
neutrality by 2050 (Fit for 55 - The EU’s plan for a green 
transition - Consilium. 
The European Green Deal highlights the need for a 
holistic and cross-sectoral approach to address climate 
challenges, where key sectors such as climate, 
environment, energy, transportation, industry, and 
agriculture work in synergy (EU 2019). 
These initiatives are pivotal in reducing energy poverty, 
decreasing carbon emissions, and promoting energy 
independence(In focus: How can the EU help those 
touched by energy poverty? ). 

The emergence of new paradigms and innovative systems, 
such as Collective Self-Consumption models and Energy 
Communities, represents a significant shift in energy 
strategies. These community-focused energy models are 
transforming the landscape of renewable energy 
production, distribution, and consumption. Central to 
these models are the principles of localization and 
decentralization of energy generation. 
Involving citizens, commercial entities, and local 
businesses, these models facilitate the creation, 
consumption, and exchange of energy with an emphasis 
on self-consumption and collaborative effort. Community 
energy systems and collective self-consumption facilities 
offer several advantages over traditional energy 
production models. These include the optimal 
combination of diverse consumption profiles, immediate 
utilization of generated energy, and a reduced load on 
existing grid infrastructures. 
This approach not only contributes to environmental 
sustainability but also fosters a sense of community and 
collective responsibility towards energy consumption and 
climate action. Such initiatives, supported by policies like 
the European Green Deal, are essential steps towards a 
sustainable, energy-efficient future (Pisello et al. 2023). 
Self-consumption of energy can take place at three 
different levels: individual, collective and community. 
The concept of collective self-consumption is defined in 
the EU Directive 2018/2001(Directive EU - 2018/2001). 
The directive stipulates that the group of self-consumers 
(minimum two) who act collectively must be in the same 
building or condominium. 
The text also stipulates that they can generate renewable 
electrical energy for their own consumption and can store 
or sell self-produced electrical energy. The main 
condition is that such activities do not constitute the main 
commercial or professional activity. 
The consumer in the realm of renewable electricity is no 
longer merely a recipient of energy but has evolved into a 
'prosumer.' The term 'prosumer' denotes a user who 
actively participates in all stages of energy production, as 
opposed to solely fulfilling the passive role of a consumer. 
A key advantage of this paradigm shift is the ability for 
individuals to act collectively, thereby sharing the costs 
and benefits of such systems, which may include joint 
maintenance and other pertinent practices. 
Legally, participants in these systems share the energy 
they generate through the existing distribution network. 
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Each member is equipped with their own meter to 
measure individual consumption. However, to accurately 
assess the amount of energy shared for self-consumption 
purposes, the installation of a secondary metering system 
is necessary. This system is crucial for monitoring the 
distribution and sharing of generated energy among the 
participants. 
Despite sharing the overarching goal of enhancing the 
management of renewable energy generation and usage, 
there are notable differences between Self-Consumption 
Units (SCUs) and Renewable Energy Communities 
(RECs). The primary distinction lies in their composition. 
An energy community, as defined by the EU Directives 
2018/2001(Directive - 2018/2001) and 
2019/944(Directive (EU) 2019/944 of the European 
Parliament and of the Council on common rules for the 
internal market for electricity and amending Directive 
2012/27/EU, is typically comprised of associations of 
citizens, businesses, local administrations, and small 
enterprises. These entities collectively decide to produce, 
exchange, and consume energy derived from local 
renewable sources (Menegon et al. 2021). This 
collaborative approach not only fosters a sense of 
community but also aligns with broader objectives of 
sustainability and local empowerment in energy 
production and consumption (Notton et al. 2018). 
The Digital Twin (DT) is revolutionising the energy 
sector by providing an innovative approach to 
management and monitoring. It enables the management 
of on-site energy exchanges, optimises the use of 
renewable resources, and allows users to monitor their 
own energy consumption (Xiong et al. 2021; Bortolini et 
al. 2022; Tahmasebinia et al. 2023; Testasecca et al. 
2023). The future energy system finds a valuable support 
in the concept of the digital twin, as developed by Michael 
Grieves (Grieves and Vickers 2016). 
According to Grieves, the Digital Twin (DT) system is 
based on three main elements: real-world physical 
products, their virtual counterparts, and the data 
connections between them. This setup allows the virtual 
model to mimic the real object's behavior, ensuring 
changes in the physical product are reflected in the digital 
one, often through IoT devices and sensors. (Barricelli et 
al. 2019). Digital twins in the construction sector facilitate 
the integration of the building's informational and 
physical models, thereby ensuring iterative optimization 
of both models. The DT leverages the geometric and 
parametric properties of Building Information Modeling 
(BIM) models, as well as streaming environmental data 
(e.g., temperature, humidity, consumption, etc.) collected 
from sensors (Brilakis et al. 2019). BIM serves as a 
common knowledge resource that can be employed as a 
singular source for data management and collection, 
facilitating the sharing, preservation, and provision of 
reliable guidance throughout the building's lifecycle. Data 
access is enabled through various mechanisms, including 
proprietary system manual interfaces, Application 
Programming  Interfaces  (APIs),  and  exporting  via 

standard formats such as Industry Foundation Classes 
(IFC). To date, a unified standard in the IoT and BIM 
domain has yet to be established, yet numerous open 
standards are emerging. These are intended to provide a 
common language across different systems and devices, 
enabling interoperability and seamless communication 
among various entities. However, research on the 
integration between BIM and IoT remains in its nascent 
stages, where most studies primarily introduce conceptual 
theoretical propositions (Mengistu and Mahesh 2020; Tai 
et al. 2021). The importance of digital twins in the 
construction sector is underscored by the emerging 
demands for intelligent systems that are capable of 
representation, analysis, identification, and the 
enhancement of consumption patterns(Jradi and 
Bjornskov 2023). Efficient energy management 
necessitates a reliable data source through the 
transmission of data from an IoT infrastructure. 
Employing advanced methods such as machine learning, 
artificial intelligence, and deep learning, energy 
community managers can monitor, collect, and analyse 
data to produce reports, charts, and integrate 
informational models. Predictive analytics can be utilized 
to foresee potential issues and undertake preventative 
measures before they escalate into problems. With these 
tools, energy community managers make more informed 
decisions to the benefit of the RECs. Energy data analysis 
is a crucial aspect of understanding and managing 
consumption. By interpreting the collected data, RECs 
members can gain valuable insights into their energy 
consumption patterns and trends. This knowledge can 
assist them in making more informed decisions on how to 
best utilize their resources and reduce costs (Al-Ali et al. 
2017; Adu-Kankam and Camarinha-Matos 2023). The 
digital twin is revolutionising the energy sector by 
amalgamating the prowess of IoT technology, Big Data 
analytics, and informational and spatial modelling. This 
facilitates the deployment of energy management 
solutions both at a granular level (individual residential 
units) and at a broader scale (energy communities). This 
endeavour seeks to delineate a methodological approach 
that affords RECs members facile access to data and to 
devise a system that aids them in making well-informed 
decisions. The methodology employs a variety of tools 
and techniques, such as statistical analysis and machine 
learning, to scrutinise data and generate reports. 
The principal objective is to proffer an efficacious 
framework for the cataloguing, storage, and management 
of multidisciplinary data and information utilising web- 
based digital systems. This system ought to be scalable, 
secure, and user-friendly, enabling users to access and 
meticulously analyse data with alacrity. The chief aim of 
the methodology lies in the dissemination of reports 
among the diverse REC members, as well as in the 
development of a decision-support system. 
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Figure 1 Methodological Framework 

Methodology 
A comprehensive framework designed to bolster self- 
consumption units and complex systems like Energy 
Communities. This research work provides an analysis of 
current tools, their features, and the best practices for their 
application to develop an effective management and 
monitoring infrastructure. The system facilitates the 
creation of geographical interfaces for community energy 
operators through the integration of digital twin 
technologies. Digital Twins (DTs) lack sufficient 
autonomy to optimise consumption based on information 
received from Building Information Modelling (BIM) and 
Internet of Things (IoT) systems, as the unpredictable 
behaviour of occupants plays a pivotal role. Energy 
consumption is significantly influenced by user intentions 
and goals, as well as their expectations in terms of energy 
savings. With the support system, all stakeholders can 
better manage the community's economic framework and 
energy efficiency programmes. REC members have 
access to the latest updates on the energy system and 
benefit from reliable recommendations to make informed 
decisions. 
The framework designed to support the management and 
monitoring processes of the energy community is based 
on a portal (Web-GIS) containing specific interfaces for 
sharing information about the energy community and 
collective self-consumption units. The digital techniques 
underpinning the methodological framework include 
Geographic Information Systems (GIS-based), useful for 
georeferencing different energy communities, primary 
and secondary substations, followed by architectural 
entities. The digital techniques underpinning the 
methodological framework include Geographic 
Information Systems (GIS-based), useful for 
georeferencing different energy communities, primary 

and secondary substations, followed by architectural 
entities. 
i. BIM digital models of buildings structured according to
the proprietary guidelines of the energy community. BIM
models are implemented on the platform using web-based
graphic libraries.
ii. Relational databases structured for the systematisation
and querying of data.
iii. Machine Learning algorithms for energy profiling
divided into clusters and future predictions of
consumption and costs.
iv. Web-based systems for report provision.
The proposed methodology is divided into document 
collection and management; updating the GIS territorial 
information model; from BIM to Digital Twin; integration 
of sensors with the BIM information model; structuring 
algorithms for data processing and conceptualisation of 
the dashboard. 

P1: Collection and Document Management 
This part is dedicated to the cataloguing and 
administration of documents within the energy 
community, as well as the pivotal elements that must be 
incorporated into the process. Entities such as local 
authorities, citizens, associations, and businesses are 
required to upload data pertinent to the RECs or collective 
SCUs. The assemblage and management of documents 
entail the structuring of a pre-established repository. The 
subsequent step involves their cataloguing to facilitate 
ease of search and retrieval. This includes the 
employment of metadata tags and other forms of 
categorisation to ensure that data are readily accessible. 
Once organised and catalogued, the data must be stored in 
a secure and reliable manner. The most critical phase of 
the process is data management, which entails ensuring 
regular updates and protection of the data, and that all 
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Figure 2 Illustration of a GIS spatial model applied to RECs 

participants in the REC have access to the necessary 
information. The documents must provide clear 
instructions and information on different aspects of the 
energy community. Technical reports, safety 
verifications, regulatory documents, and statutes must all 
be included in this list. The collection of this information 
is essential to support the community. To ensure secure 
and reliable storage, the system must be hosted on the 
cloud or another reliable storage infrastructure. The 
collection and management of documents are 
fundamental tools to facilitate the efficient functioning of 
the REC. 

P2: Update of the GIS Territorial 
Information Model 
The second section is dedicated on sharing a geographical 
representation of the current state of the energy 
community. A colour-coding system identifies the various 
communities with individual self-consumption units. 
Regarding buildings, there are three distinct types of input 
data essential for defining the territorial information 
model. The first type is derived from national statistical 
institutes' censuses across Europe which furnish essential 
details regarding the age of buildings. The second type of 
data emanates from regional topographical databases, 
which include, among other details, information on the 
buildings' intended use. The final categorisation 
originates from Building Information Modeling (BIM) 
systems, incorporating both geometric data and 
consumption metrics. 
The confluence of these databases facilitates the 
determination of specific characteristics for each building, 
such as its age class, surface-to-volume (S/V) ratio, 
number of storeys, and occupant count. Utilizing the GIS 

system, in conjunction with previously prepared BIM 
models, smart meters' analyses are conducted to glean 
precise consumption data. Following the delineation and 
consumption allocation to building clusters, the data are 
aggregated into summary tables. Grasping the 
behavioural dynamics of a community of buildings 
throughout the year is paramount, as it harbours 
significant practical ramifications for the management of 
RECs. 

P3: From BIM to Digital Twin 

Figure 3 Building Information Model (Simplified 
Representation), Blender with BIM Add-on 
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Figure 4 Flowcharts: from BIM to Digital Twin 

A digital twin can be conceived in several stages, yet it is 
most efficacious when established in the initial design 
phase of self-consumption units; hence, the data amassed 
can serve as a foundation for managing subsequent stages. 
Building Information Modelling (BIM) is the most apt 
approach for creating the building's digital twin, as it is 
integrated with parameters functional to the monitoring 
phase. Furthermore, it is employed as a source for the 
collection and management of data which is conveyed to 
the GIS-based territorial system. Although BIM 
encompasses information about the building and space, it 
cannot solely provide comprehensive insights into the 
building's behaviour upon which to base decisions for the 
community or individual users. To this end, this 
endeavour integrates the model with information gathered 
in the initial phase (P1), such as the building's typology, 
residential units, and the occupancy level of the users. To 
ensure the correct implementation of the digital twin, it is 
crucial to associate all necessary documents for the 
selection and installation of the sensor network with the 
BIM. Supported by the informative model, we are capable 
of precisely determining the optimal placement for each 
individual sensor, thereby enabling the REC to maximise 
the network's performance and minimise the costs 
associated with installation. 

P4: Integration of Sensors with the BIM 
The objective of this phase is to identify the most suitable 
type of sensors for the construction of a monitoring 
system, taking into account the requirements and spatial 
properties of the structures identified in the previous 
analysis (P3). As part of this step, the techniques for 
sampling and transmitting data from the control devices 
are outlined and implemented. The application of smart 
meters for monitoring energy consumption, along with 
sensors, facilitates the analysis of usage habits within 
individual residential units. Utilising data from both 
external and internal temperatures can enhance the 
prediction of energy consumption. It is essential to 
determine the type of monitoring device that best suits the 
specific needs of the building. This task involves a 
thorough analysis of performance, application limits, and 
costs of available technologies. Given that the expenditure 
required for hardware is one of the most significant 

concerns for households, this study leans towards a non- 
intrusive monitoring system with economical sensors that 
are easily programmable to minimise the cost of the entire 
system. BIM can provide significant assistance in this 
phase to define various sensor configurations and 
compare them as an additional source of information in 
the building. 
In addition to the technical and economic considerations, 
the security of the data collected and transmitted by these 
sensors warrants careful attention. The integrity and 
confidentiality of data within the monitoring system are 
paramount, necessitating the implementation of robust 
encryption protocols to safeguard data in transit and at 
rest. User authentication and access controls are crucial to 
ensure that only authorized individuals can access 
sensitive information, thereby preserving the privacy of 
the residential units involved. The proposed system will 
also explore the adoption of blockchain technology to 
provide an immutable ledger for data transactions, 
enhancing trust and transparency within the community. 
By incorporating these security measures, the monitoring 
system not only optimizes energy consumption and 
operational efficiency but also ensures the protection of 
sensitive data, aligning with global standards for data 
privacy and security. 

P5: Data Processing Algorithms 
In the context of refining the BIM information model, it 
is essential to elaborate on the development of 
sophisticated algorithms tailored for the efficient 
management of data captured by monitoring sensors. The 
integration of sensor-generated data with BIM-centric 
applications is achieved through Python scripting. These 
scripts are not merely facilitative but are at the core of the 
data processing mechanism, enabling a dynamic and 
seamless exchange of data between the sensor array and 
the BIM ecosystem. Such integration is pivotal for real- 
time data analysis and automated responses within the 
BIM framework. 
Further enhancing the functionality of these scripts, 
machine learning algorithms are deployed to scrutinize 
patterns in energy consumption meticulously. These 
algorithms are adept at sifting through vast datasets to 
identify anomalies and inefficiencies that may not be 

962



immediately apparent. By learning from historical data, 
they can predict future trends, enabling preemptive 
actions to optimize energy use and reduce waste. This is 
particularly beneficial in managing complex systems such 
as HVAC and in the predictive maintenance of various 
devices and machinery, where early detection of potential 
issues can prevent costly downtimes and repairs. 
The strategic use of machine learning in this domain not 
only enhances operational efficiency but also contributes 
significantly to energy conservation efforts. By analyzing 
consumption patterns and identifying areas of excessive 
use, these algorithms can provide actionable insights for 
energy savings. This leads to the development of targeted 
recommendations that are both pragmatic and feasible, 
ensuring sustainable energy utilization across different 
applications. Moreover, the predictive capabilities of 
machine learning algorithms extend to forecasting 
maintenance needs, thereby alerting facility managers and 
consumers well before potential system failures occur, 
ensuring reliability and continuous operation. 

P6: Dashboard Conceptualization 
The dashboard is conceptualized as an interactive tool for 
the visualization and interpretation of data originating 
from a centralized storage system. It employs an analytics 
engine to convert raw data into intelligible reports, charts, 
and diagrams. The dashboard is customized to cater to 
diverse user groups, each with varying levels of expertise 
and access rights. 
For novice users, the dashboard is made accessible 
through a cross-platform mobile application, enabling 
them to view summary charts that provide an overview of 
pertinent data related to their self-consumption units, 
along with a straightforward depiction of REC. 
Conversely, community managers are provided with a 
more comprehensive desktop interface for conducting 
detailed analyses, thereby facilitating informed decision- 
making processes. 
The dashboard architecture is predicated on user privilege 
levels, thereby dictating the granularity of the presented 
data. Expert users are afforded extensive visibility, 
ranging from a holistic view of the energy community to 
detailed information on self-consumptions units. Novice 
users, on the other hand, are presented with data relevant 
to their specific dwelling units, complemented by 
summary reports that encapsulate key information about 
their own energy community. 
The dashboard is segmented into four main sections, each 
designed to highlight different aspects of the energy 
community's data: 
General Data: This section employs geographical 
visualization to outline the energy community's layout, 
identifying communities and associated substations 
through a color-coding scheme. An integrated alert 
mechanism proactively notifies expert users of necessary 
actions within the RECs framework. Additionally, this 
section  provides  direct  access  to  essential  REC 

documentation, such as community statutes and incentive 
management guidelines. 
Costs and Consumption: Acknowledging the significance 
of financial and consumption metrics in energy resource 
management, this section provides insights into energy 
costs, consumption patterns, and future projections. It 
includes a comprehensive report detailing the energy 
costs of community-level and individual self- 
consumption units, breakdowns by energy source, 
incentive allocations, comparative analyses with similar 
communities, and future cost and consumption forecasts. 
Graphical alerts are utilized to signal anomalies, 
encouraging users to modify their consumption behaviors. 
Emissions: This segment enables community members to 
monitor and assess the REC's contribution to CO2 
emission reduction, providing a tangible measure of the 
community's sustainability efforts. 
Self-Consumption Units (Novice User): Tailored for 
novice users, this section offers an interface that allows 
users to access summary information from the previous 
sections specific to them own self-consumption unit, 
thereby facilitating an intuitive and streamlined user 
experience. 
The dashboard is designed not merely to present data but 
also to enhance user engagement and awareness of 
specific aspects of the energy community, thereby 
enabling users to make informed decisions based on the 
presented data. 

Discussion 
The deployment of this dashboard heralds a substantial 
advancement in the domain of renewable energy 
management, pertinent to both SCUs and RECs. Its 
primary objective is to streamline the engagement with 
sustainable energy practices, rendering them more 
accessible and intuitive to the end-users. 
Within the confines of SCUs, which serve as the nucleus 
of individual energy production and consumption 
dynamics, the dashboard emerges as an instrumental tool. 
It leverages real-time monitoring capabilities to discern 
patterns of peak energy production, often coinciding with 
troughs in energy consumption. This synchronicity allows 
the dashboard to advocate for the scheduling of energy- 
intensive tasks during periods of abundant renewable 
energy generation, thereby optimizing the utility of 
renewable resources. 
Expanding its utility to the broader ambit of RECs, the 
dashboard plays a pivotal role in the nuanced 
orchestration of energy flows among a consortium of 
interconnected entities. It aids in the strategic allocation 
of surplus energy, ensuring its efficacious distribution 
within the community. This strategic approach to energy 
management engenders a harmonious balance within the 
REC, mitigating the challenges posed by the inherent 
variability of renewable energy sources. 
Furthermore, the dashboard transcends its operational 
utility by incorporating a predictive maintenance feature, 
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crucial for the proactive upkeep of renewable energy 
systems. By continuously monitoring the health and 
efficiency of these systems, it preemptively identifies 
potential issues, thereby safeguarding the continuous 
optimal performance of energy assets. 
In its essence, the dashboard also serves as a decision- 
support system, facilitating strategic planning for the 
expansion or augmentation of renewable energy 
infrastructures within RECs. By amalgamating diverse 
data streams, including historical energy consumption 
patterns, current trends, and predictive analytics, it 
furnishes a holistic view of the energy landscape. This 
empowers stakeholders with the necessary insights for 
informed decision-making regarding future investments 
in renewable energy technologies, thus reinforcing the 
community's trajectory towards sustainable energy 
practices. 

Conclusions 
This work outlines a comprehensive methodological 
framework designed to bolster the efficacy and 
operational efficiency of Energy Communities (RECs). 
The primary objective of this initiative is to devise an 
advanced, user-friendly dashboard that offers real-time 
insights into the performance metrics of RECs, alongside 
granular data on each individual self-consumption unit. 
This is particularly focused on providing detailed 
information regarding costs and consumption patterns. 
The significance of this contribution lies in its ability to 
facilitate industry experts in their endeavors to effectively 
manage and monitor RECs by leveraging sophisticated 
digital models, cutting-edge geographic information 
systems, and robust web-based relational databases. 
Addressing the pervasive issue of data fragmentation and 
cognitive heterogeneity in the building sector is 
paramount. This sector is characterized by the disparate 
structuring of data across numerous repositories, which 
inevitably leads to critical information gaps. This 
fragmentation hinders the seamless management and 
interpretation of data within energy communities or 
collective self-consumption systems. Therefore, it is of 
utmost importance to equip energy community managers 
with a streamlined, intuitive platform that presents 
essential information in a clear, accessible manner. This 
approach is vital for bridging the information divide and 
enhancing the decision-making process. 
In parallel, the promotion of a smart energy system is 
instrumental in motivating individuals to alter their 
energy consumption behaviours towards more sustainable 
and environmentally friendly practices. This necessitates 
a robust support framework that not only facilitates the 
digital transformation of services and the automation of 
processes but also emphasizes the empowerment of REC 
members. The analysis conducted by the International 
Energy Agency underscores the critical role of citizen 
involvement in the successful adoption and optimal 
utilization of future technologies within the energy sector. 

Looking forward, the potential for engaging members 
and fostering a sense of credibility and trust within 
local communities cannot be overstated. Hence, future 
research endeavors will be directed towards exploring 
the realms of training, knowledge dissemination, 
and strategic communication activities. These areas 
are identified as pivotal for the sustained growth and 
impactful operation of RECs. Such initiatives will 
aim to enhance the collective understanding of energy 
management practices, promote widespread adoption 
of sustainable energy solutions, and ultimately 
contribute to the overarching goals of energy 
efficiency and environmental stewardship. 
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Abstract 

Infrastructure Building Information Modeling (I-BIM) 
has emerged as an important supporting technology for 
managing infrastructure project design, construction, and 
operation. This paper presents the development of an I-
BIM model that can holistically capture the components 
and their integration characteristics of a road project. 
Extending previous works, the development deems to 
provide detailed road design analysis including drainage, 
signage, and lighting, traffic lanes of variable width, 
inclined pavement layers, vegetation and plantation, etc. 
In addition, the difficulties in developing “irregular” 
components and aligning them with each other and with 
the longitudinal land terrain are examined. The 
development applies to a real-world road design to 
explore the applicability potential. 

Introduction 

Transport infrastructure projects, being large scale 
engineering ones, require significant capital investments 
for their construction and maintenance, in return to 
multiple benefits for the users and the society out of their 
operation (Timilsina et al. 2020). In fact, they are quite 
important projects playing a key role in the social and 
economic development of regions and countries, often 
echoing the economic and technological development of 
them (Cigu et al. 2019).  
The continuous improvement and application of new 
methods to improve the design and operation of such 
projects is always a goal (Costin et al. 2018). Considering 
the potential and positive effect of applying BIM 
technologies in construction (Wong and Fan 2013), the 
application and use of such tools in infrastructure project 
management could provide an effective method to 
increase efficiency during the project life cycle. 
In large scale infrastructure projects, cost overruns, 
completion time overflow, wastefulness, and performance 
loss constitute conventionality rather than exception 
(Love et al. 2014). Engineering challenges - arising 
mainly from the specificities of such projects - exhibit a 
wide variety in terms of structural, geometrical, and 
mechanical characteristics. On the other hand, such 
projects are spawned by various multidisciplinary groups 
(architects, engineers, contractors, operators, etc.) having 

different (and often conflicting) priorities and objectives 
at every project phase. As a result, there is a large volume 
of information, generated from start to finish, subject to 
managing deficiencies and performance degradation. 
Liu et al. (2017), after studying the most important risks in 
engineering projects through a questionnaire shared with 
500 construction companies, noted that project 
performance - in terms of time, cost, quality, and safety - 
is significantly affected by the design team capability, the 
information accuracy, and the design associated delays. 
Undoubtedly, all the above factors contribute to problems 
and risks that infrastructure projects face nowadays and in 
the past. The root cause, according to Flyvbjerg (2013), is 
the fact that project planners tend to systematically 
underestimate or even ignore project complexity risks 
during the project development phase and decision 
making. Thus, many problems are associated with project 
design (or communication about the design), while 
modifications made alongside the way are related to 
deficiencies or omissions by the design. 
As a result, both the productivity and the efficiency of the 
projects remain modest (Agenda, I. 2016). In this context, 
the traditional ways for managing infrastructure projects 
cannot meet the challenges of today, where construction is 
becoming more and more complex and demanding, and 
these projects require adequate planning and prudent 
resource management. Teizer (2015) stresses that key 
issues in the direction of improving infrastructure project 
management include schedule obedience, material 
procurement, supply chain-related actions, project status 
control, safety and quality monitoring. Furthermore, as 
Chi et al. (2012) state, during the evolution of a project, 
interim and ad hoc works arise. Because of this, the design 
of such temporary works does not always receive the 
attention and control levels that are typically required. 
Therefore, these elements should be integrated within the 
design, construction performance and safety parameters. 
The introduction and use of BIM technology in the 
construction industry has assisted in automating 
traditional processes, manifesting positive effects in 
quality and productivity (Ullah et al. 2019). In addition, 
the adoption of BIM has significantly contributed to the 
digital transformation of the general industry, moving 
from the traditional way of designing and planning typical 
construction projects (e.g., buildings) towards a digital 
ecosystem that includes 3D visualization and real-time 
communication. Instead, in large infrastructure projects, 
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the application and adoption level of BIM technologies is 
lacking behind, resulting in lower productivity and 
efficiency outcomes. 
In recent years, there have been steps forward in the 
application and use of BIM in the infrastructure sector, as 
the benefits of 3D modelling and the use of smart objects 
are increasingly recognized (Tang et al. 2020; Cantisani et 
al. 2022). A 3D/BIM model is not limited to the geometric 
and design features visualized in the simulation (Gould 
2010) but it is like a digital simulation model of the actual 
structure, whose properties and features are fully 
configurable. Thus, BIM technology is a reliable design 
tool that provides access to a comprehensive set of 
knowledge about the form, materials, environment, 
technical characteristics, costs, etc. of the project. 
Despite the numerous benefits of I-BIM and the 
development of implementation strategies, the application 
of this technology remains limited, and the overall 
effectiveness of BIM in real projects has not been fully 
studied. Therefore, there is a need to explore the practical 
application of Infrastructure BIM (I-BIM) technology in 
the planning and design of projects. In this paper, the 
development and description of such a system for road 
projects is presented and discussed. 

Infrastructure BIM 

The development of road infrastructure projects involves 
two phases, the design and the construction ones. There 
are several sub-stages, in which plans and documents are 
produced, relating, among others, the technical 
specifications of the design, the cost and the duration of 
the construction.  
In the traditional approach, communication among 
stakeholders has been largely fragmented and based on 
the exchange of 2D drawings and documents. As a result, 
coordination is particularly difficult, as much information 
(data) is lost or miscommunicated in the transition from 
stage to stage, often leading to the need for re-creation. 
Further, in large-scale projects, there are always large 
volumes of data and, likewise, it is difficult to 
communicate and present them correctly. Consequently, 
data omissions or miscommunication lead to inaccurate 
information sharing among participants and project 
phases. As such, when errors are detected through the 
several steps, the project has already progressed making 
any needed intervention difficult, costly, time consuming, 
and often of inadequate effectiveness. 
In contrast, in infrastructure BIM (I-BIM) management, 
the information flow is coordinated in real time so that the 
work execution can be carried out by all involved parties 
(of different branches) effectively, as the digital 
simulation of the construction is up to date to the needed 
modifications and project progress monitoring. Thus, 
decision making for changes can be carried out in the 
early stage where the cost of changes is low and their 
effectiveness is high. Hence, more efficient collaboration 
is achieved by all groups involved in all phases 
throughout the project life cycle, eventually leading to an 
effective design and construction decision making. 

Methodology 

I-BIM provides a comprehensive 3D visual database and
modeling of the project under development, integrating a
range of data, including 3D terrain models and road
design elements, such as road geometric design, cross-
sections, measurements, electromechanicals, hydraulics,
and more. This allows for the effective design of road
systems and the optimization of project outcome. By
integrating more data into the existing 3D model, i.e.,
work scheduling and construction cost, project managers
can validate road project conformance to standards before
construction commencement, leading to enhanced project
efficiency and effectiveness. Therefore, the use of I-BIM
in the initial design phase of large and complex horizontal
geometry projects, can significantly contribute to
different scenarios evaluation by providing visual,
qualitative, and quantitative information that helps in the
direction of selecting the best scenario that minimizes the
time and cost and improves the quality of the work.

The design methodology of the road project through I-
BIM includes the following steps, in accordance with the 
conventional way of doing things: 

• Capture the terrain surface along the road alignment.

• Model the road and its individual elements (road
deck, positions of sidewalks, roundabouts, islands,
crossings, overpass bridge).

• Visualize the core road elements and layers in a 3D
representation.

• Model and present secondary road elements that are
necessary for road operation (signs, lighting fixtures,
planting objects, etc).

Unlike traditional techniques and programs, all elements 
and characteristics of the project are present in a single 
3D/I-BIM model. This enables the visualization of the 
road design in a realistic environment, which is helpful in 
identifying any potential conflicts that may arise. Most 
importantly, alternative design scenarios can be easily 
simulated and evaluated to realize the best layout 
solutions. Further, the I-BIM technology facilitates 
collaboration among the design team members by 
allowing them to access and modify the single digital 
model in real-time.  

Interoperability and data standardization, using openBIM 
technology and Industry Foundation Classes (IFC), are 
vital for efficient information exchange among different 
stakeholders in the construction process. In this direction, 
the IFC 4.3 format is a significant step toward automating 
and optimizing facility management within the project 
lifecycle. In the road design study, interoperability helps 
transferring topographical mapping from AutoCAD Civil 
3D to Revit for further processing and enhancing 
decision-making and stakeholder communication in 
project design.   
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Case study 

As part of the development, this work presents as a case 
study the employment of the I-BIM technology to the 
design of the new ring road in Nemea (Greece). The 3D 
modeling of the road and its elements (road surface, 
sidewalk, roundabouts, electric lighting, technical works, 
etc.) has been realized using the AutoDesk REVIT 
software. Such kind of software have been developed with 
an initial focus on building design and construction, at 
least in construction industry applications. It appears, 
however, that they can effectively be used for other types 
and large-scale projects.  
The terrain design of the area has been based on 
topographic CAD diagrams, which are first adjusted to 
their actual dimensions during modeling in REVIT. The 
adoption of BIM in this project has largely focused on 
design activities. The existing road passes through the 
urban area of the city of Nemea, as shown in Figure 1. As 
a result, traffic congestion is observed within the city that 
results in increased travel times and accident risk. The 
latter is more evident at an intersection where the new 
road is going to commence, in which case the intersection 
angles of the current geometry of the converging roads 
provide very poor visibility conditions (Figure 2). The 
bypass follows a new alignment, totaling 1.4 km, starting 
at location (1) and ending at location (2), as shown in 
Figures 2 and 3. The new road design includes two 
roundabouts at its ends to ensure high safety conditions 
and smooth traffic flow. 

Figure 1: Existing road through the urban area 

To select the optimal layout, several design alternatives 
have been developed and evaluated along the land zone 
around the potential layouts, with special emphasis to the 
roundabouts that link the ring road with the existing road 
segments. The proposed layout is shown in Figure 4. 
The new road design features a nominal speed Ve = 60 
km/hr, horizontal radius of R ≥ 140 m, and maximum 
longitudinal gradient 3.80%. The road consists of two 
lanes (one per direction) with an effective road width of 
7.00 m plus 2.00 m of sidewalk. Further, at the roundabout 
access sections, appropriate widening of the roadway is 
designed. Along the entire length of the road, guard rails 
of 0.60 m in height have been laterally designed in both 
directions. 

Figure 2: A high accident risk segment of the existing road 

design (point 1, same as point A in Figure 1) 

The full project model, encompassing all the information, 
is depicted in Figure 5 and allows efficient project 
analysis and management. As stated before, the utilization 
of such a model facilitates the effective management of 
changes at any project component (e.g., drainage system) 
and the direct communication of such changes at all 
management levels and stakeholders. 
The cross-section of the carriageway comprises multiple 
layers that include (from the lowermost to the uppermost 
level): two layers of sub-base of 10 cm thickness each, 
two layers of base of 10 cm likewise, asphalt pre-coating, 
asphalt base layer of 5 cm thickness, asphalt adhesive 
coating, asphalt traffic layer of 5 cm thickness, asphalt 
adhesive coating, and asphalt anti-slip layer of 4 cm 
thickness. All layers have been simulated in the 3D/BIM 
model (Figure 6). 
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Figure 3: Endpoint of the ring road (point 2, same as point B in 

Figure 1) 

Figure 4: Ring road alignment design 

The design of the roundabouts has been carried out in 
accordance with the "Geometric Design of Highways and 

Streets" (Hancock et al. 2013) and "Roundabouts: An 
Informational Guide" (Robinson et al. 2000). The 
proposed roundabout layouts allow for convenient and 
safe pedestrian and vehicle access on the ring road. 
Figures 7 and 8 display the configuration of roundabouts 
1 and 2 respectively. To reinstate the connection with 
local roads, two level junctions (N1 and N2, in Figure 5) 
have been designed. The junctions, as they have been 
designed and simulated in the 3D/BIM model, are 
illustrated in Figures 9 and 10 respectively.  
Horizontal and vertical signage has been designed and 
installed along the entire length of the road to guide the 
drivers and effectively regulate the traffic. An indicative 
case is shown in Figure 11 for roundabout 2. 

Figure 5: 3D/BIM model of the ring road 

Figure 6: Cross section of pavement layers 
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Figure 7: Visualization of roundabout 1 

Figure 8: Visualization of roundabout 2 

Figure 9: Visualization of road junction N1 

Figure 10: Visualization of road junction N2 

Figure 11: Horizontal marking and vertical signs at roundabout 

2 

Further, road lighting design has been performed through 
the 3D/BIM model, which pointed that a total of 51 
luminaires of 150-Watt power and 16,100 lumen 
luminous flux are required to be installed. Figure 12 
indicatively presents the electric lighting scheme at the 
roundabout 2 zone. 
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Figure 12: Electric lighting system in roundabout 2. 

Analyses and cost estimation of the project have been 
carried out through the I-BIM model. The estimates can 
be either for single elements or groups of elements of the 
project. As an example, the costs for signs and for railings 
are presented in Tables 1 and 2 respectively, as reported 
by the software. Similar tables have been developed for 
all project components. Considering typical unit cost 
values for Greece, a total cost of 2.32 million € has been 
estimated for the whole project construction. 

Discussion and Conclusions 

This study describes the potential and advantages of BIM 
technology in the design of large infrastructure projects, 
in this case the ring road of Nemea city in Greece. 
Opposite to the common belief that BIM technology is 
mainly applicable to buildings, it can be proven to be 
equally applicable to infrastructure projects. In this work, 
I-BIM simulation is particularly effective as it combines
parametric 3D simulation and high-level information
codification to create a virtual digital model of the project,
the 3D/BIM multi-level model, the use of which highly
improves the processing, design, planning and
management of the project construction and operation.
The importance of using BIM technologies is 
undoubtedly related to participant coordination and 
information sharing, the identification and resolving of 
conflicts at early stage or the evaluation of alternative 
design solutions. These aspects of BIM tools are rather 
well known and not widely discussed in this paper. The 
main goal of this work is to dig into the details of a road 
infrastructure project and explore whether BIM software 
can represent them in an integrated way for the design, 
construction, operation, maintenance, and management to 
increase interoperability. In addition, the difficulties and 
barriers in developing the I-BIM model of a project with 
“irregular” components and in aligning the different 
elements with each other and with the longitudinal land 
terrain are explored. 
The work outcomes indicate that the project design 
through Revit (or any other BIM software) is feasible to a 
high detail, increasing interoperability and allowing all 
designers to have access to updated project plans at any 
time and to work collaboratively, thus significantly 
reducing effort and errors in design. In addition, the 4D 

and 5D representation of the project, through the time and 
cost showcase, provides aforehand information on the 
expected project progress and cost evolution and 
enhances decision-making and stakeholder 
communication during construction, leading to higher 
quality at lower cost. 

Table 1: Cost estimate for signs 

Table 2: Cost estimate for railings 
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Unlike typical building design, in which components are 
of “regular” (e.g., rectangular) shapes, infrastructure 
project design presents extensive challenges in terms of 
irregular component shapes, material and manufacturer 
specificities, and component alignment needs within an 
integrated design. For example, pavement layers need to 
be aligned among them and along the road sections (e.g., 
joins at main road and entrance/exit sections or road 
approaches and roundabouts). Conflict resolution needs 
also to be addressed in reference to the road design 
adjustment to landscape, the incorporation of drainage 
system, the pavement cross-section design at curved parts 
of the road, based on large-truck trajectory analysis, etc. 
The BIM-software database often needs to be enhanced 
with specific road design elements and potential vendor 
information, e.g., horizontal and vertical signage, 
lighting, vegetation and plantation, etc. 
In the present work, the design dives into greater detail, in 
comparison to previous works, indicating the feasibility 
potential of such a design. However, some limitations 
should be expected in practical applications. A main 
difficulty refers to the exact fitting of the road to the 
landscape, which is mainly due to the inaccuracies or 
approximations in the digital representation of this 
landscape. Another challenge is related to the effective 
placement of overlapping layers of components that are 
curved and inclined in the longitudinal and transverse 
directions (e.g., pavement layers). This can be done by 
considering smaller sections of uniform shape, which are 
then aligned at their joins and integrated to the full model. 
The I-BIM technology can be successfully used in the 
design and management of large-scale infrastructure 
projects. In road projects, in particular, the design can 
improve traffic flow and safety as well as contribute to 
drainage, signage, lighting, and aesthetic upgrading. The 
use of BIM technology in large infrastructure projects 
reduces the effort required during design and 
construction, while offering effective tools to manage cost 
and completion time, to reduce waste, and to improve 
construction quality performance. 
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Abstract
The Architecture, Engineering, and Construction indus-
try is crucial in promoting circular economy principles to
mitigate resource scarcity and negative environmental im-
pacts. Taking the lead in the global extraction of rawmate-
rials and making significant waste contributions, the sec-
tor incorporates circular economy assessments into build-
ing design decisions. This paper introduces a concept
using visual programming language for End-of-Life al-
gorithms linked to Building Information Modelling Data.
The goal is to create a decision-support tool for the early
design stage using common architectural software cou-
pled to visual programming. The results display a com-
putational solution for implementing relevant parameters
through utilised software.
Keywords: Circular economy, digital twins, generative de-
sign, virtual reality, digital ecosystem, end of life, material
building passports, EU taxonomy

Introduction
The growing interest in the circular economy (CE) repre-
sents a paradigm shift from the prevailing linear economy,
driven not only by the need for assessment for several certi-
fications and EU regulations but also because of its signif-
icant advantages compared to the traditional linear model
(United Nations Environment Programme, 2022). These
benefits extend to environmental, social, and economic
concerns, addressing crucial challenges such as resource
scarcity and environmental degradation (Kovacic et al.,
2020a; Ellen MacArthur Foundation, 2024; Gorgolewski,
2018; Korhonen et al., 2018; Cramer, 2022). Defining
the basic concepts of circular economy and sustainabil-
ity is essential to provide a framework for this research.
The Brundtland Report (1987) offers a widely recognised
definition of sustainable development as ”development
that meets the needs of the present without compromis-
ing the ability of future generations to meet their own
needs.” (Brundtland, 1987, p.37). Barbier (1987) was
among the first to describe sustainability’s three pillars:
economic, environmental and social, with this paper con-
centrating on the environmental aspect (Barbier, 1987).
Cramer (2022) introduces the 10 R’s, which ranks circu-
larity actions by their impact, placing reuse higher than
recycling due to its more significant contribution to cir-
cularity (Cramer, 2022). Moreover, Geissdoerfer et al.
(2017) define Circular Economy as ”a regenerative sys-
tem in which resource input and waste, emission, and en-
ergy leakage are minimised by slowing, closing, and nar-
rowing material and energy loops. This can be achieved

through long-lasting design, maintenance, repair, reuse,
remanufacturing, refurbishing, and recycling.” (Geissdo-
erfer et al., 2017, p.759), positioning it as essential for sus-
tainability.
A transition to a circular system is particularly crucial in
the construction industry, contributing to around 37% of
global energy consumption and process-related CO2 emis-
sions (United Nations Environment Programme, 2022).
Furthermore, this industry’s significant role in resource
depletion, being the largest contributor to global raw ma-
terial extraction (Almeida et al., 2016), highlights the need
to transition to circular systems. However, this transition
challenges existing design processes and policy frame-
works, making revisiting and altering current approaches
necessary (Korhonen et al., 2018). Therefore, there is a
need for a framework to better include circular economy
principles, such as reuse or reduce and especially guide
cooperation between designers, fabricators and clients in
the construction industry (Svilans et al., 2019; Çetin, 2023;
Geissdoerfer et al., 2017; Çetin et al., 2021).
Digital tools are seen as critical enablers for efficient data
sharing, monitoring, optimisation and enhanced commu-
nication between stakeholders throughout the design and
construction process (Antikainen et al., 2018; Antova and
Tanev, 2020; De Wolf et al., 2020; Martínez Rocamora
et al., 2021; Çetin, 2023). Moreover, initiatives like Eu-
rope’s Digital Decade (European Commission, 2021) and
the 2020 EU CE Action Plan highlight the importance
of digital tools in promoting sustainability and support-
ing the circular economy (European Commission, 2021;
Çetin, 2023).
As a result, finding computational solutions to embrace
a circular economy is among the most recent topics in
the Architecture, Engineering and Construction (AEC) in-
dustry, as it can tackle today’s pressing environmental
problems (De Wolf et al., 2020; Kovacic et al., 2020a;
Cramer, 2022). Building Information Modelling (BIM)
and Material Passports, for example, promise to address
sustainability barriers and facilitate the automatic inclu-
sion of reliable datasets (Honic et al., 2019; Çetin, 2023;
Martínez Rocamora et al., 2021; Santos et al., 2019). How-
ever, there are challenges in integrating these tools, partic-
ularly when considering one of the most commonly used
methods, Life Cycle Assessment (LCA) (Santos et al.,
2019). The reliability of LCA results is affected by un-
certainties coming from assumptions, such as energy con-
sumption and product lifespan. Additionally, challenges
in integrating specific, local information from manufac-
turers and the lack of detailed data on material compo-
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sition in the early design stages further affect the accu-
racy of LCA outcomes (Martínez Rocamora et al., 2021;
Santos et al., 2019; Honic et al., 2019). This highlights
the need for more flexible and comprehensive tools within
the BIM environment to simplify the integration of envi-
ronmental analysis in the design process (Martínez Ro-
camora et al., 2021; Çetin, 2023). Research into BIM-
based LCA tools shows that most require a combination
of BIM and other software to measure environmental im-
pacts effectively. This process, while beneficial, often re-
quires manual input and thus is time-consuming, contrary
to the goal of automating these assessments (Martínez Ro-
camora et al., 2021; Honic et al., 2019). The need for a
multidisciplinary approach comes with its hurdles, as the
link between digital tools and circular economy principles
requires skills spanning environmental science, architec-
ture, engineering, and programming - raising another lim-
itation: the interoperability issue between different soft-
ware (Santos et al., 2019). Nevertheless, this collaborative
effort is vital for developing tools that are both functional
and beneficial (Martínez Rocamora et al., 2021; Ilhan and
Yaman, 2016). Despite the identified potential of digital
tools to integrate circular economy principles in the AEC
industry, there remains a significant gap in creating user-
friendly, integrated solutions that effectively bridge the gap
between theoretical concepts and their practical applica-
tion. This highlights the ongoing academic and practi-
cal need for research to develop accessible tools that en-
able sustainable construction practices within the circular
economy framework(Ilhan and Yaman, 2016; Çetin, 2023;
Martínez Rocamora et al., 2021).
The ongoing research presented in this paper addresses
these challenges by aiming to optimise architectural de-
signs in terms of circularity and sustainability in the early
design stage, as it promises fundamental advantages, rep-
resenting a vital phase where materials can enter (or re-
enter) a new life cycle, and design concepts are still in
their initial adjustable stage, thus more flexible to adapt
(Gorgolewski, 2018; Honic et al., 2019; Çetin, 2023; Çetin
et al., 2021). This paper emphasises the need to flexi-
bly document, validate and benchmark environmental im-
pacts to ensure current activities support a sustainable fu-
ture and bridge the gap between abstract principles and
practical implications (Çetin, 2023; Geissdoerfer et al.,
2017). Therefore, this paper considers key indicators, in-
cluding the building’s overall mass, Global Warming Po-
tential (GWP-total), Acidification Potential (AP), and Pri-
mary Energy Non-Renewable, Total (PENRT). These indi-
cators were chosen because they are used in the Austrian
klimaaktiv OI3 Eco Index calculation to assess the envi-
ronmental impact of materials (IBO – Österreichisches In-
stitut für Bauen und Ökologie, 2023), and are also relevant
for compliance with the EU Taxonomy classification sys-
tem (European Commission, 2024).
The concept of this research merges Algorithm Aided De-
sign (AAD), Building InformationModeling (BIM) (Pibal
et al., 2022), and Virtual Reality (VR). It supports sustain-

able architectural planning by automating variant genera-
tion, conducting circularity assessments, and using a VR
platform interface to facilitate decision-making in the early
design stage, aligning with Circular Economy (CE) princi-
ples and objectives. The framework of the project is based
on:

1. a BIM-based architectural model (in software Archi-
CAD)

2. an End-of-Life (EoL) design algorithm to conduct
the variant study generating an assessable geometric
twin, an identical digital illustration of the variant in
the VR platform

3. an EoL- assessment algorithm for attributing and
evaluating different building variants

4. VR platformwith includedVirtual Agent for planning
support

5. An enriched spreadsheet-based object catalogue con-
taining relevant data from material databases such as
the Austrian database ”baubook” (baubook, 2024),
essential for conducting defined assessments

This research builds on the previous publication, Wohnen
4.0 (Pibal et al., 2023), Digital Ecosystem to enable Cir-
cular Buildings – The Circular Twin Framework Proposal
(Schützenhofer et al., 2024) and Digital Platform for Af-
fordable Housing - a Framework Proposal (Kovacic et al.,
2020b). The overall context established is visualised in
Figure 1, which provides an overview of the proposed
framework. This paper focuses on Module 2 and Module
3, shown in Figure 1. These EoL algorithms are imple-
mented in the visual programming environment Grasshop-
per 3D within Rhinoceros 3D and their connection to the
architectural design model in ArchiCAD. It discusses the
challenges of incorporating these EoL algorithms to en-
hance the effectiveness of circular design approaches to
incorporate crucial data regarding building materials and
their reuse potential, as well as Life Cycle Assessment
(LCA) and EU taxonomy compliance (European Commis-
sion, 2024).
The paper is structured as follows: First, the methodology
section reviews the different digital tools used and outlines
the intended workflow between Grasshopper and Archi-
CAD. Followed by illustrating in more detail the steps cre-
ated in the EoL algorithms to generate the needed data flow
between the programs. Finally, the paper discusses find-
ings and suggests ways for further improvement in inte-
grating these algorithms effectively.

Methodology - Data Integration for EoL- Al-
gorithms
The method is an interdisciplinary research approach. A
specific set of digital tools has been selected to facilitate
the research objectives. ArchiCAD, employed as a BIM-
model and digital planning tool (IFC data/OpenBIM), was
selected not only because it is one of the most used digital
tools in the AEC industry but also for its ability for efficient
data storage and its inclusion of essential data required
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Figure 1: Overview of the proposed framework and software interfaces

for diverse Life Cycle Assessment calculations. Addi-
tionally, Grasshopper as a visual programming tool, with
an established Live Connection to ArchiCAD (Graphisoft
Deutschland, 2024), handling spreadsheet-based docu-
ments and including Python/C# script, has been incorpo-
rated because of its multifaceted benefits. Furthermore,
Grasshopper enables the Virtual Agent in the VR platform
to access and modify various components, a crucial re-
quirement for this project. This selection of tools was anal-
ysed, leading to the development of an initial prototype
of End-of-Life (EoL) algorithms by utilising these diverse
interfaces. The conducted literature review led to assess-
ment collection (LCA), which defined the necessary data
and basic information and connections required to create
the Grasshopper script obtained from the BIM model, are
shown in Figure 2 and described below.

Data Input and Model Reconstruction
• Extracted from the architectural design model:
Basic geometric data, the quantity of elements es-
sential for subsequent calculations, and spatial refer-
ence line accurately generating the geometric twin in
Grasshopper for access by the Virtual Agent in the
VR platform.

• From ArchiCAD composites (products):
The composite name, crucial for efficient product
search within the spreadsheet-based object catalogue
and the retrieval of accurate data for LCA calcula-
tions, and the dimensions of the (new) elements, nec-
essary for precise volume calculations used in mass
determination.

Using basic geometric data, the visual geometric twin of

the preliminary architectural design is established within
the Rhino/Grasshopper environment. This is achieved
through the Grasshopper – ArchiCAD Live Connection
(Graphisoft Deutschland, 2024) and direct model integra-
tion. Recreating the architectural design in Grasshopper
is crucial because it cannot perform basic operations with
ArchiCAD components. As a result, the geometric infor-
mation must be filtered, and the model reconstructed ac-
cordingly in the Grasshopper environment.

Algorithm Development
a) EoL- design algorithm
After successfully incorporating the geometric form of the
case study and the subsequent visualisation of the ’circu-
lar twin’, the process continues with the extraction of de-
sign parameters derived from the data imported from the
case study and the BIM-based object database created in
ArchiCAD. This process uses several components from
the ArchiCAD Plug-in within the Grasshopper environ-
ment while maintaining a live connection to ArchiCAD.
This allows users to select different materials and compo-
sitions from the BIM object database to visualise and gen-
erate different variants of the initial case study.
b) EoL- assessment algorithm
In the following part, connecting the user-selected data
from the EoL- design algorithm and assessment informa-
tion, such as the Key Performance Indicator GWP(total)
for an LCA calculation through an EoL- assessment algo-
rithm, is essential.

Visualisation - Virtual Reality Integration
The visualisation aspect of the conducted research is not
the main focus of this paper. However, it is essential to
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emphasise that during the development of the algorithm,
we needed to consistently consider that the Agent within
the VR platform, who interacts with the user, must be able
to access and control changeable parameters in Grasshop-
per.

Framework
To better understand the implementation within the vi-
sual programming environment Grasshopper, Figure 3 dis-
plays a simplified version of the Grasshopper script and its
structure, focusing on wall elements within a test build-
ing. Achieving a seamless intersection with the BIM
model data required the utilisation of a custom Plug-
in within Grasshopper, tailored to receive and process
data from ArchiCAD dynamically via the bi-directional
Grasshopper-ArchiCAD Live connection was necessary
(Graphisoft, 2023).
The framework described will be further validated through
its application to a specific use case, showcasing its practi-
cal utility and effectiveness in a real-world scenario. This
use case involves an architectural design project where the
integration of circular economy principles is paramount.
By implementing the digital framework within this con-
text, the seamless interaction between Grasshopper and
ArchiCAD facilitates a comprehensive analysis and re-
configuration of wall elements, demonstrating the frame-
work’s capacity to adapt and optimise based on circular
design criteria. This application not only highlighted the
robustness of the custom Plug-in and bi-directional live
connection but also underscored the potential of the devel-
oped EoL algorithms to significantly enhance the sustain-
ability of architectural projects through informed decision-
making and design optimisation. The following section
describes parameter mapping, variant and assessment gen-
eration of our status quo.

Concept of Parameter Mapping
In order to integrate ArchiCAD element types, such as
walls, facades, or columns, from the BIM model, it is nec-
essary tomanually select each architectural design element
per type for every floor within ArchiCAD, done by right-
clicking on the parameters used for including a collection
of ArchiCAD element types. This method enables the user
to subsequently change each element type on each floor
separately. However, this initial step cannot be achieved
using the Agent in the VR platform, as it cannot access
components through right-clicks.
After successfully incorporating all elements, the subse-
quent phase involves extracting crucial information. The
custom components within the ”Deconstruct” group of the
Live Connection Plug-in were required to achieve this.
Each element type parameter was linked to its correspond-
ing ”Deconstruct” component to obtain further details, in-
cluding Brep (Polysurfaces) and reference lines. The ob-
tained information is used to generate new variants at the
exact location and assemble the visual digital geometric
twin of the architectural design by merging all ”Brep” out-

puts, which can be accessed by the Agent and displayed in
the VR platform.
However, it turned out that retrieving the net volume, cru-
cial for assessment methods, was not achievable using this
method. Thus, a custom property set (CPset) had to be in-
cluded within ArchiCAD to automatically retrieve the net
volume for every element via the ”Get Property Settings”
component in Grasshopper. This workaround enabled the
inclusion of the missing geometrical data in the script to
calculate the overall mass of the building design.
Notably, during the development of the Grasshopper
script, to ensure the accurate functionality of new connec-
tions, minimise dataflow time, and maintain proper data
structuring. Initially, the focus was on a single ArchiCAD
element type (wall) and one floor. Later, the other Archi-
CAD element types were integrated for each floor.

Concept of Variant Generation
The tailored Grasshopper component ”Composite” repre-
sents products from the current ArchiCAD project and is
used to include a selection of products from the object cat-
alogue in the algorithm, for which information is available
for the evaluation calculation. In order to make it acces-
sible to the Virtual Agent, it was essential to link com-
ponents that the Agent could modify to the customisable
information in the script. In this case, the Virtual Agent
could use the ”Number Slider” to run through predefined
products to select from a list, facilitated by the Grasshop-
per ”List Item” component.
Once all the required information had been imported and
retrieved, it was used to generate new ArchiCAD type ele-
ments using the ’Design’ group components to create new
ArchiCAD elements, such as Walls or Columns along the
acquired reference data, creating new design variations.
Figure 3 shows a simplified representation of a variant in
the Grasshopper environment.

Concept of Assessment Generation
The final segment of the Grasshopper script involved in-
corporating crucial data to evaluate the circularity poten-
tial and environmental impacts of the user-generated vari-
ants, such as environmental product declarations (EPDs)
and material densities, which could not be retrieved
through BIM (Honic and Wolf, 2023). The spreadsheet-
based object catalogue based on material databases was
incorporated through a Python script developed for the
EoL- assessment algorithm. This script imports the den-
sity required for calculating the overall mass of the build-
ing, along with the net volume of the products obtained
through the customised CPset in ArchiCAD. Additionally,
it provides the necessary data for evaluating the designs in
terms of the circular economy. The Python script contains
the following inputs:

• The names of the new products of all the elements
modified or not modified as a list.

• The location and name of the external spreadsheet-
based database
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Figure 2: The process and data requirements to develop the EoL algorithms

• The Key Performance Indicator (KPI) the script
should search for, e.g., Total Global Warming Poten-
tial (GWP - total) and the Material Density

Given the constant requirement for material density, the
Python script has been duplicated. This allows the Vir-
tual Agent to use a ”Number Slider” to modify the search
input for the calculations in the first Python script while
providing a stable estimate of the total mass in the second.
However, the outputs of both scripts consist of lists outlin-
ing the requisite values for each product. Consequently,
these lists must first be aggregated using the Grasshopper
”Mass addition” script before being made accessible to the
Agent, enabling user visualisation in the VR platform.

Discussion
Throughout the development of the EoL- assessment algo-
rithm, a consistent pattern emerged: the need for practical
solutions to overcome various challenges concerning the
interaction between the software used. These challenges
primarily revolved around accessing andmanaging diverse
data formats and flows.
One notable solution involved integrating spreadsheet-
based circular economy assessment data and material den-
sity values using a Python script. This approach was nec-
essary because of the inherent limitations of extracting
such information directly from the BIM file (Honic and
Wolf, 2023) using the Live connection and its ArchiCAD
Grasshopper Toolset components or the customised CPset.
Nevertheless, while effective, this solution revealed a vul-
nerability: the dependence on the spreadsheet-based file’s
location. However, having an external database for up-

dates can be beneficial as more and more products on the
market are expected to receive environmental information
(baubook, 2024). This allows easy access to the latest data
for design decisions and variant generation with the EoL
algorithms.
To address the challenges associated with the extended
processing time of the script, which arises from heavy
data flow, including constant API interaction, visualisa-
tion of 3D elements, and execution of Python scripts for
accessing and searching external data, the generation of
variants becomes excessively time-consuming. To tackle
this issue, exploring innovative approaches becomes im-
perative. One option worth considering is integrating the
” API - Grasshopper Plug-in” from (Wilk et al., 2023),
which promises faster integration of the architectural de-
sign model and its data. However, as it relies primarily on
textual input and output, it will require a hybrid script to
ensure 3D visualisation in the VR platform.
Another challenge is the need for manual selection
of ArchiCAD elements, as explained in the section
”Grasshopper Customisation - Parameter Mapping”. This
requirement places a disadvantage on the user, requiring
access to the Grasshopper script and understanding the ba-
sic concept and workflow of the EoL algorithms. How-
ever, one method currently under development involves
a C# script in Grasshopper, connected via an Add-On in
ArchiCAD, to collect and export the required data from
ArchiCAD, which must be integrated into the developed
algorithms structured according to the Grasshopper-script
requirements. This approach would make the steps of
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Figure 3: Simplified representation of the Grasshopper script using a test building focusing on four existing walls, showing how the
mass [kg] and, in this example, the embodied carbon (GWP-total) for phases A1-A3 (product stage) [kg CO2e] are calculated

picking ArchiCAD elements manually per floor obsolete,
enhance the script processing, and mitigate the risk of
overlooking elements in ArchiCAD. It may improve user-
friendliness, and other initial architectural designs can
used.
Moreover, to increase the efficiency and versatility of the
presented framework’s application, the architecture model
must be created following certain rules and structures.
This involves the creation of specific ArchiCAD layers to
more clearly distinguish between element types, such as
internal and external walls. This step is essential due to
the different structural functions of these elements and,
therefore, different dimensions and product specifications.
In addition, an ArchiCAD template should facilitate the
seamless integration of the EoL algorithms into other ar-
chitectural designs. However, it is important to note that
doors and windows have been excluded from the EoL- de-
sign algorithm for this paper. This decision is due to the
fact that the door/window ArchiCAD library part can only
be accessed and modified by right-clicking on the ”Win-
dow Settings” component in Grasshopper, which is inac-
cessible to the Agent.
The complexity is additionally increased by successfully
storing selected variants to ensure the comparability of
generated design decisions. Whenever the Agent modifies
the algorithm, the previously selected variant is replaced

with the new one. In an initial attempt to address this issue
and preserve the variants, a Python script was developed
to save generated information through a repetitive loop.
However, as the results of the loop were insufficient, ei-
ther the Python script needs adjustment or an alternative
solution must be pursued.
Table 1 outlines each limitation with its respective descrip-
tion and proposed future steps to address challenges that
occurred during framework conceptualisation.

Conclusion
This paper outlines the possibility of automated decision
support through EoL algorithms via a VR platform for de-
sign optimisation in terms of circularity and sustainability.
It successfully implemented a case study and its building
elements and obtained outcomes related to circular econ-
omy. While modifying the elements and generating a vari-
ant were successful, numerous technical and design chal-
lenges remain. However, assuming the intended changes
and workarounds are well implemented, the potential for
success is promising. It can provide a basis for further re-
search to combine digital tools to better determine the fea-
sibility of the respective interdisciplinary methods. This
way, a computational approach and strategy for continuous
environmental impact assessment in the construction in-
dustry can be developed. By addressing challenges head-
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Table 1: Outline of limitations with descriptions and proposed future steps

Limitation Description of Limitation Future Steps

Integration Challenges with
Diverse Data Formats and

Flows

Managing and accessing various
data formats between software
tools presents significant chal-
lenges

Develop and implement middle-
ware or APIs that can automati-
cally translate and integrate data
across platforms

Dependence on External
spreadsheet-based File

Locations

Utilising spreadsheet-based data
for assessment data introduces a
dependency on the file’s location

Transition to cloud-based
databases for dynamic access
and updates, reducing reliance
on static spreadsheet-based files

Extended Processing Time
Due to Heavy Data Flow

The extensive data flow leads to
time-consuming variant genera-
tion processes

Optimise algorithms for effi-
ciency and explore parallel pro-
cessing to manage and process
data more quickly

Manual Selection of
ArchiCAD Elements

Manual selection of elements in
ArchiCAD for every floor adds
complexity and time to the de-
sign process

Automate the selection process
with AI or develop intuitive UIs
that simplify and expedite the se-
lection process

Structural Requirements for
Architectural Models

Specific rules and structures
must be followed for effective
integration of EoL algorithms

Create templates and guidelines
that standardise model struc-
tures, facilitating smoother inte-
gration

Exclusion of Doors and
Windows from the EoL-

Design Algorithm

Doors and windows are excluded
due to limitations in access-
ing and modifying ArchiCAD li-
brary parts

Develop enhancements or Plug-
ins for the VR platform to allow
direct manipulation of doors and
windows

Difficulty in Preserving
Selected Variants for

Comparison

Storing selected variants be-
comes complex when the Agent
modifies the algorithm, leading
to loss of previously selected
variants

Implement a versioning system
within the software that auto-
matically archives and tracks
changes to design variants

on and continuously iterating on the process, the EoL algo-
rithms move closer to facilitating decision-making in the
early design process, enabling circular building structures
and integrating End-of-Life concepts.
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Abstract 

The progressive digitalisation of construction sites, 
driven by the deployment of digital technologies, 
presents organisations with the significant challenge of 
effectively extracting value from the surge in data 
production. This paper introduces the concept of 
'Enterprise Digital Twin' (EDT) as a new form of digital 
enterprise in the construction sector, which extends 
beyond the scope of individual construction sites and 
projects to enable a variety of data-driven operational and 
strategic insights for construction organisation. Despite 
its importance, there exists a notable scarcity of research 
in this area. This paper introduces the EDT concept, 
presents a review of the available literature, proposes an 
early conceptualisation, and discusses its challenges and 
opportunities. These are early contributions to this 
nascent area and lay the foundation for future research.  

Introduction 

The construction industry is increasingly incorporating 
different digital tools and methods, such as Building 
Information Modelling (BIM), Wireless Sensor 
Networks (WSN), and Internet of Things (IoT) related 
technologies across the project lifecycle, including the 
construction phase (Statsenko et al., 2023). As a result, a 
large amount of operational data is produced in the 
construction industry and managed across 
geographically dispersed construction sites, supporting 
various functions such as procurement, quality 
assurance, supply chain, and logistics (Chen et al., 2024). 
Valuable insights can be untapped at both the project and 
enterprise levels through  the exploitation and analysis of 
such extensive and diverse repositories of data, 
encompassing both structured and unstructured (You & 
Wu, 2019).   

One of the pivotal technologies conceived for capturing 
and analysing data to deliver insights is Digital Twin. 
A Digital Twin (DT) is a digital replica of a physical 
entity, process, or system that enables a bidirectional 
information exchange between the digital and physical 
counterparts (Botín-Sanabria et al., 2022). Parvin (2021) 
stated that the information standard from enterprise to 
project is crucially important for digital twins to work in 
the construction industry. Research indicates a positive 
relationship between the degree of digitalisation of an 
enterprise through the use of  DT and enterprise 
performance (Li & Liu, 2023).  When augmented with 
other technologies, such as Internet of Things (IoT) and 

Artificial Intelligence (AI) , DT has the potential to 
provide real-time accurate status information and 
optimise ongoing design, plan, and production (Yitmen 
et al., 2023). Data integration is crucial because it allows 
businesses to utilise important operational data, which 
can yield new strategic and operational insights across 
diverse domains and functional areas. Yet, investigating 
how to effectively utilise this data from construction 
projects at the enterprise level is an emerging paradigm 
for both research and industry practice.  

This paper explores the concept of EDTs within the 
construction sector. It highlights the necessity for EDT 
deployment and introduces a low-granularity conceptual 
architecture for EDTs. The methodology used to develop 
the EDT conceptual architecture is based on an extensive 
review of related concepts in literature and the guidelines 
established in existing reviews, such as this one. 
Furthermore, the paper examines the challenges 
associated with implementing EDTs, alongside the 
potential opportunities arising from their adoption.  

Literature Review 
Construction Digital Twin 

Large contracting companies involved in major 
infrastructure projects usually manage construction 
projects with multiple geographically dispersed 
construction sites.  Managing these construction sites at 
once within the same project can be challenging in terms 
of data generation, storing, processing, and visualisation 
(Hasan & Sacks, 2023). In the contemporary context, it 
is problematic that contractor organisations persist in 
relying on traditional methods to manage substantial 
volumes of data, owing to the absence of platforms 
capable of integrating data from diverse sources and 
types, making it very challenging to collect, manage, and 
exploit the generated data (Shamshiri et al., 2024). This 
is further challenged by the growing increase in size and 
complexity of data generated (Yan et al., 2020). 

The collection of vast quantities of data also bears 
sustainability implications for the organisations 
involved. Storing large amounts of data in the cloud is 
not only expensive but also impacts the planet`s 
sustainability due to the emissions produced from data 
storage facilities (Vlăduțescu & Stănescu, 2023). The 
inadequate quality of visualisations and continued 
dependence on paper-based documents prevents 
managers and decision-makers from gaining clear 
insights and applying knowledge (Pan & Zhang, 2023). 
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Incorporating data into strategic management and 
decision-making processes can provide companies with 
numerous benefits (Ragazou et al. 2023). Although a 
large amount of data is available, many organisations fail 
to utilise it to their benefit (Ranjan & Foropon, 2021). 

Digital Twin has emerged as a new technological concept 
that can address the management of smart construction 
site data for many reasons. DT has been adopted thus far 
only for a limited number of construction applications, 
and its concept has not been extended to the enterprise 
level. For instance, Sacks et al. (2020) proposed a 
comprehensive digital twin construction (DTC) system 
that integrates data from different activities to achieve 
closed-loop control systems. The DTC system extends 
beyond traditional activity-based monitoring and 
incorporates information from various sources. 
However, it is only activity-based and not operation-
based. DT enables the integration of data, as highlighted 
by Salem and Dragomir (2022), indicating its role in 
integrating information technology and IoT for 
automating processes and managing activities related to 
building and urban structure operations. However, at the 
enterprise level, the exploration of this concept remains 
insufficiently addressed, with merely a handful of studies 
exploring its incorporation into Business Intelligence 
(BI) systems. For instance, Lopes and Boscarioli (2021) 
studied the implementation of BI and Analytics tools in 
the construction industry to improve management and 
decision-making. Rodrigues et al. (2022) studied the 
integration of BI with BIM in the construction industry, 
providing real-time data analysis for sustainable 
construction management and decision making. Thus, to 
address this important gap, in this paper we propose the 
introduction and early conceptualisation of the concept 
of ‘Enterprise Digital Twin’.   

The Need for Enterprise Digital Twin 

The importance of DT at the enterprise within the 
construction industry presents unique opportunities and 
poses critical challenges. While digital transformation 
presents the potential to attain excellence, it is crucial to 
establish connections between digital technologies, 
information, and strategic decision-making in order to 
tackle construction challenges (Balzano & Marzi, 2023). 
Previous research has put forward the importance of 
establishing a sustainable innovation ecosystem for 
industry and enterprise knowledge management and 
practices by interconnecting technological innovation, 
the business model, and the market (Yan, 2015; Yun et 
al., 2017; Yang & Yan, 2019). However, the success of 
this proposition heavily relies on the ability of collecting 
the necessary data to generate insights. An enterprise 
level digital twin is conceived as a socio-technical 
paradigm with the ability of capturing data from diverse 
resources. Mêda et al. (2021) focused on the concept of 
an incremental digital twin construction (DTC) system, 
which aims to integrate data from different activities to 
achieve closed-loop control systems. Merino et al. (2023) 

proposed a method for integrating data from construction 
activities, Building Automation Systems (BAS), and IoT 
using federated data models and ontologies. However, 
these studies concentrated solely on activity-based 
aspects, excluding considerations of operational 
foresight and business intelligence. This study will 
discuss the Enterprise Digital Twin concept and its role 
in leveraging data from different construction sites and 
organisation operations in the generation of operational 
foresight and business intelligence.  

Enterprise Digital Twin (EDT) 

In the context of manufacturing, an Enterprise Digital 
Twin is defined as the utilisation of business-wide 
information to enable strategic decisions utilising asset 
and process digital twins across an organisation (Yan et 
al., 2022). Enterprise Digital Twins enable 
manufacturing managers to replicate all activities and 
interactions in the production chain, regardless of the 
number and location of assets, sites, suppliers, 
contractors, and sub-contractors involved (Kubelskiy, 
2021). While some studies on EDT are available within 
the manufacturing sector, there exists a clear gap within 
the construction sector. This section introduces the 
concept of EDT in construction. EDT in construction is 
proposed as a virtual replica of an enterprise that 
incorporates people, processes, data, and technology to 
produce business outcomes. It is created by integrating 
technologies such as digital twins, cloud computing, 
analytics, artificial intelligence, and simulation.  

An enterprise comprises multiple organisational units 
that collaborate to offer services that cannot be provided 
by a single organisational unit on its own. An Enterprise 
Architecture (EA) framework plays an essential role in 
defining principles and practices for creating and 
employing the information systems and technology 
infrastructure (Haki & Legner, 2021). EA frameworks 
form the foundation of the EA approach and serve the 
purpose of making the intricacies of the real world 
comprehensible and manageable for stakeholders 
(Scheer, 2023). Presently, various EA frameworks exist, 
including the Zachman framework, which was first 
introduced in 1987 as an early framework for EA 
(Zachman, 2003). Another prevalent EA framework is 
The Open Group Architecture Framework (TOGAF), 
which was initially developed as a methodology for the 
deployment of technical architectures but has since 
shifted its focus to EA over the years (Harrison, 2011). 
According to Riege and Aier (2009), Enterprise 
Architecture (EA) is widely recognised as an effective 
method for managing transformations and ensuring 
business/IT alignment. Therefore, an EA framework is 
employed in this research for initiating the early 
conceptualisation of EDT (Figure 1). This approach is 
guided by Zachman (2003) emphasis on addressing the 
what, how, when, who, where, and why aspects of 
information systems, mirroring the layers within the EDT 
conceptualisation that address the sourcing, integration, 
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storage, analysis, and utilisation of data for decision-
making in construction enterprises. Additionally, 
Harrison (2011) proposed that the Architecture 
Development Method (ADM) of The Open Group 
Architecture Framework (TOGAF) provides direction 
for developing architectures by following a series of 
stages, such as business architecture, information 
systems architectures, technology architecture, and 
others. A similar approach is mirrored in the 
conceptualisation of the Enterprise Digital Twin (EDT), 
where repetitive improvements are made at each layer to 
address the operational requirements of construction 
enterprises. 

Data Source 

Nowadays, data generation has become a prominent 
aspect across all types of construction activities, resulting 

Figure 1: Conceptualisation of Enterprise Digital Twin 

in an increase in the volume of data that needs to be 
integrated (Alaloul et al., 2021). The data layer, which 
harvests information from IoT sensors and various other 
sources including models, programs, among others, in 
addition to organizational processes like procurement, 
estimation, and logistics, gathers extensive volumes of 
real-time, near-real-time, and static data. Such data is 
available from various sources on construction sites, such 
as IoT sensors, drones, BIM data, and project 
management software (Merino et al., 2023) and can be 
used to generate important foresights about  the 
effectiveness and efficiency of construction operations 
(Wang et al., 2023). This data can include real-time 
performance metrics of machinery, worker productivity, 
material usage, environmental conditions, and more. For 
an enterprise digital twin, collecting high-quality, 
granular data is crucial as it forms the foundation of both 
the operational and business intelligence insights.  

Data Integration 

The significance of data integration is highlighted by 
Zhang et al., (2022)  in the context of developing a digital 
twin that accurately mirrors the physical assets of 
construction sites. Within the context of EDT, the 
primary function of the data integration layer is to enable 
the seamless sharing and consolidation of data across 
various sources, ensuring that data and information is 
accessible, accurate, and consistent across the enterprise. 
Data integration layer has grown to encompass many 
different technologies and capabilities beyond Extract 
Transform Load (ETL) and ELT, which is just one-use 
case of data integration (Luengo et al., 2020), such as 
data virtualisation, data federation, cloud-based data 
integration services (e.g. Azure data factory, AWS Glue, 
etc.). These technologies are designed to gather, 
integrate, and transforms data from multiple sources into 

consistent, conformed, comprehensive, clean, and 
current information (Sherman, 2014). The data managed 
in the integration layer is critical to understand the status 
and performance of various enterprise components.  

Data Storage 

The data storage layer plays a crucial role in an enterprise 
architecture. It is responsible for persisting, managing, 
and utilising data within the organisation (Jones et al., 
2022). Data warehousing is a data storage process that 
involves storing and preparing information separately 
from an organisation's routine transaction processing 
activities. It is designed to optimise the data for efficient 
access and analysis within the enterprise (Bharadiya, 
2023). The layer in question serves as a repository for 
integrated data, including both structured data from data 
warehouses and unstructured or semi-structured data 
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from data lakes. In this process, data from construction 
sites is transmitted to the data warehouse, where it 
undergoes  data transformations such as cleansing, 
filtering, and aggregations that prepare the necessary to 
suit the enterprise required view of the data (Sherman, 
2014). 

Digital twin data, which are characterised by being 
sourced from multiple sources and having a large 
volume, necessitate the utilisation of big data storage 
technologies (Wang et al., 2023). The selection of a 
storage database for managing large amounts of data is 
contingent upon its ability to provide accessibility, 
scalability, high performance, and effective 
management. data storage solutions (e.g., cloud storage, 
database management system (DBMS), data warehouse 
and data lakes) are diverse, catering to different needs in 
terms of scale, performance, security, and accessibility. 
The selection of a data storage option is critical for 
supporting the varied applications and services an 
organisation relies on. Most studies have utilised cloud-
based computing platforms for storing data which offer 
flexible and excellent backend access for computing 
applications (Betti et al., 2024). The scalability and 
flexibility provided by cloud computing enable the 
storage, processing, and accessibility of substantial 
amounts of data produced by the digital twin (Knebel et 
al., 2023). The selection of a data storage option is critical 
for supporting the varied applications and services an 
organisation relies on. 

Data Analytics 

The data analytics layer encompasses a suite of 
technologies, including Artificial Intelligence (AI) with 
Machine Learning (ML) as a subset, which are employed 
to conduct comprehensive analyses on accumulated data 
(Raschka et al., 2020). These technologies have become 
indispensable for organisations of all sizes and across all 
industries, as analytics and data-driven decision making 
have proven to be of paramount importance, enhanced 
decision-making is achieved through analytics and 
machine learning by offering practical insights derived 
from digital twin data (Arsiwala et al., 2023). Digital 
twin data can be utilised for multiple user services 
through advanced data analytics technologies. The 
utilisation of AI and ML technologies is important for the 
processing and analysis of data in the within the 
construction sector (Kazeem et al., 2023). AI and ML 
algorithms are indispensable for managing and analysing 
the substantial volumes of data produced by deep 
learning technologies (Kaur et al., 2020). These 
computational tools excel in discerning patterns and 
trends within datasets, thus enabling the extraction of 
pivotal insights (Bharadiya, 2023). DTs use AI/ML for 
predictive modelling, optimisation, and real-time 
monitoring, offering organisations valuable information 
for data-driven decisions and enhanced performance 
(Omrany et al., 2023). The analytics layer in an EDT 
utilises data analytics, AI, and ML algorithms to 

transform raw data into actionable intelligence to 
supports decision-making processes and identifies 
patterns and predictions. The processed data, which are 
supported by visualisation technologies (Wu et al., 
2021), are ultimately accessible to end users in a 
straightforward and interactive manner through data 
visualisation. 

Business Intelligence 

The Business Intelligence (BI) layer aims to visualise 
information using tools such as dashboards and reports, 
transforming complex datasets into accessible formats 
that facilitate understanding and decision-making. 
Effective visualisation is a crucial component within the 
construction industry, as it plays a key role in facilitating 
communication and decision-making among team 
members (Lucchi, 2023). Lopes and Boscarioli (2021) 
highlights the role of BI in facilitating data-driven 
decisions, where stakeholders can quickly understand 
key performance indicators (KPI) and trends, enabling 
timely and informed decisions. One of the strongest 
aspects of digital twins is the ability to display sensor 
data in a virtual environment (Petri et al., 2023). Two 
commonly employed techniques for visualising digital 
twin data are colour coding in 2D and 3D schematics, 
performance dashboards, and time-series graphs, which 
are facilitated by visualisation platforms (Pal et al., 
2023). Boje et al., (2020) posit that the implementation 
of data visualisation techniques in project management at 
smart and distributed sites alleviates the challenge of data 
inundation. According to Salem and Dragomir (2022), 
incorporating data from various devices and models can 
provide improved insights for enterprise decision-
making through cross-checking and cross-referencing. 
For instance, visualisation tools in the EDT can be 
extended to enable an understanding of operations across 
all sites. This layer enables the evaluation of performance 
among different sites and the recognition of optimal 
strategies that can be implemented at the enterprise level. 

Decision Making 

The decision-making layer, on the other hand, is where 
strategic, tactical, and operational decisions are made 
based on the insights provided by the BI layer and other 
sources. Yue (2023) describes how the decision support 
ecosystem consumes analytical insights with business 
goals to guide decision-making. The decision support 
system (DSS) employs the results from business 
intelligence (BI) tools, such as dashboards and reports, to 
guide decisions that align with the company's strategic 
plan. This involves not only analysing past data but also 
utilising predictive analytics to forecast potential future 
scenarios. The system aims to provide a comprehensive 
view of the enterprise's operations and enable informed 
decision-making that supports the company's long-term 
goals (Yue, 2023). The abilities provided by these allow 
decision-makers to predict potential problems, assess 
alternative solutions, and take measures. Yan et al. 
(2022) highlight its impact on strategic planning, where 
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predictive insights can shape the direction of construction 
projects and broader enterprise initiatives. They argue 
that predictive insights derived from the digital twin's 
analytics can significantly influence the planning and 
execution of construction projects. For instance, by 
predicting the impact of various factors on project 
timelines and costs, enterprises can make informed 
decisions that optimise resource allocation, mitigate 
risks, and enhance overall project outcomes (Yan et al., 
2022). Sacks et al. (2020) state that the insights derived 
from the lifecycle of the digital twin significantly 
contribute to operational excellence and competitive 
advantage. Therefore, the digital twin at the enterprise 
level can become an indispensable tool for continuous 
improvement and strategic decision-making using data 
from across smart construction sites and business 
functions. 

EDT: Challenges and Opportunities 

The implementation of EDTs in construction projects 
involves different technical challenges that need to be 
addressed to fully leverage their capabilities. 
Construction projects often generate large amounts of 
data in different formats due to the application of various 
systems and technologies (Himeur et al., 2023).  

Advanced data management and interoperability 
solutions are necessary to integrate this data into an 
interconnected digital twin. The challenge is made more 
difficult due to the requirement for timely updates of data 
to keep the digital twin accurate and relevant (Borrmann 
et al., 2015). The potential to address this challenge lies 
in the adoption of recognised and accepted formats (such 
as XML, CSV, IFC, JSON, etc.) and protocols for storing 
and exchanging data that ensure compatibility and ease 
of use across different systems and applications 
employed by organisations in construction projects. 
However, as organisations pursuing EDTs are likely to 
be face complexity and scale challenges, standardisation, 
and integration across the various areas of the business 
become key (Faith and Tori, 2020). Semantic Web 
concepts such as the Enterprise Knowledge Graphs 
(EKG), a formal model to represent and manage 
enterprise information at a semantic level, can play a key 
role in integration.  

Privacy issues emerge when encountering confidential 
data regarding project sites, designs, and staff members 
(Zhang et al., 2022). The nature of the data gathered and 
utilised by EDTs may encompass sensitive information, 
giving rise to issues regarding individuals with 
authorised entry to such data and the way it is used. 
Defining the roles and responsibilities for data 
management and ensuring compliance with relevant 
regulations can assist in mitigating privacy concerns by 
instituting well-defined policies for data access, usage, 
and sharing (Coupaye et al., 2023).   

Security is an additional issue in relation to EDTs, as 
these digital systems are susceptible to cyber threats, like 
any other digital system (Faleiro et al., 2022). Potential 
interconnectedness between digital twins can present a 
major security risk, as a breach in one system has the 
potential to compromise the entire network, making it 
susceptible to cyberattacks (Faleiro et al., 2022). 
Protecting EDTs from such threats requires the 
implementation of advanced cybersecurity measures, 
including encryption, secure data storage and 
transmission protocols, and regular security audits (Lu et 
al., 2017). This includes the use of firewalls, intrusion 
detection systems, and regular vulnerability assessments 
by organisations. 

Overcoming technical challenges and addressing 
organisational challenges are both necessary to leverage 
EDTs in the construction industry. The workforce must 
possess a high level of digital literacy and technical skills 
owing to the intricate nature of DTs (Hou et al., 2020). 
This encompasses proficiency in data analysis, an 
understanding of digital twin software and platforms, and 
the ability to comprehend and act upon the insights 
provided by DT at the enterprise level (Himeur et al., 
2023). To address this challenge, it is necessary to 
implement training programs and recruit individuals with 
the necessary digital skills. Moreover, fostering a culture 
that promotes continuous learning and adaptation to stay 
abreast of technological advancements is important 
(Howard et al., 2017). 

EDTs require organisations to develop and implement 
customised training programs to enhance the digital 
proficiency of their existing workforce and acquire new 
talents to address potential gaps in competencies 
(Agrawal et al., 2023). Continuous training is essential to 
maintain relevance in the face of fast-paced technological 
advancements. Implementing EDTs in construction 
initiatives frequently requires changing normal 
procedures and operational patterns  (Riss et al., 2020). 
One approach to improving project management is to 
incorporate real-time data analysis and decision-making, 
as well as utilising the digital twin’s predictive 
capabilities to refine procurement, scheduling, and risk 
management processes (Ragazou et al., 2023). Finally, 
due to the likely need for process reengineering that have 
the potential to cause disruptions and face opposition, 
the transformation require effective leadership and 
transparent communication regarding the advantages to 
all parties involved (Müller et al., 2024). 

The implementation of EDTs in the construction industry 
presents many opportunities for innovation, construction 
practices, and the development of new business models 
(Kulkarni et al., 2019). New business models can be 
developed by leveraging the insights and efficiencies 
obtained from EDTs. Construction firms can enhance 
their value proposition by providing data-driven services 
that diversify revenue streams and foster long-term client 
relationships by offering value beyond project 
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completion. For example, EDTs facilitate the 
construction of sustainable buildings by improving 
planning and resource allocation. The optimisation of 
energy use, selection of sustainable materials, and 
integration of renewable energy sources into new 
projects can be facilitated by EDT, thereby aligning with 
global sustainability goals (Riss et al., 2020). 

To take advantage of these opportunities, construction 
companies need to cultivate an environment that 
encourages innovation, collaboration, and 
standardisation, that are key enablers to transformative 
projects (Hook et al., 2022) such as EDTs. They also 
require exploring partnerships within their supply chains 
to enhance the connectedness that is key to EDT as well 
as allocating the resources to acquire essential 
technologies and develop and acquire the necessary 
competencies.  

Conclusions 

The concept of Enterprise Digital Twins (EDTs) in the 
construction industry is emergent, driven by the 
exponential increase in data availability due to the 
widespread adoption of digital technologies on 
construction sites and beyond. Recognising the emergent 
nature of EDT within the construction industry, this 
paper attempted to provide a balanced perspective about 
EDTs. The paper presented a low-granularity 
architecture model with six layers for EDTs for 
construction organisations. It highlighted the importance 
of EDT in the transition towards a more interconnected 
and data-driven method for managing and executing 
construction projects and organisations. It also outlined 
some key challenges such as interoperability, privacy, 
and security, as well as some of the organisational 
challenges.  
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Abstract 

The BIM approach is gaining significant attention in 
Slovenia's construction industry, soon becoming legally 
mandatory for publicly funded projects. Our study focuses 
on merging Building Information Modeling (BIM) and 
Extended Reality (XR), particularly Mixed Reality (MR), 
to improve construction processes. Focusing on the device 
Trimble XR10 with HoloLens 2, the visually compliance 
of the plans and the BIM model with the actual situation 
on the construction site was monitored. Additionally, a 
survey involving participants from local construction 
firms assessed user experiences with the device and 
contributed to analyzing advantages and disadvantages of 
traditional versus advanced approach (BIM and MR). 

Introduction 

Due to the increasing digitalization around the world, and 
consequently also in construction, there has been an 
heightened focus on advanced technologies such as BIM 
and XR. In Slovenia, the impending legal mandate for 
BIM implementation in publicly funded projects has 
spurred discussions on the industry's readiness and the 
potential benefits of integrating these technologies. The 
introduction of these technologies and devices faces many 
barriers, such as traditional mindsets, a culture of mistrust, 
limited knowledge of the workforce, low awareness of 
advanced technologies, complexity of the approach, the 
need to upgrade IT infrastructure, and it is therefore 
necessary to illustrate the benefits for construction 
companies. From the literature review (Alizadehsalehi et 
al., 2020; Safikhani et al., 2022; Sidani et al., 2021), 
research mainly conducted in the design and operational 
phase, off-site, by architects and real estate agents, and 
includes 3D models for visualization for owners, where 
VR and AR technologies predominating. AR is used 
during the construction phase to visualize and train 
workers. MR, which enables the merging of the virtual 
and real worlds and has the greatest potential for 
interactive collaboration between stakeholders on the 
construction sites is rather underrepresented. Our study 
delves into the practical implications of combining BIM 
and MR, specifically utilizing the Trimble XR10 helmet 
with the HoloLens 2 visor (Trimble XR10 with HoloLens 

2, 2019), to enhance visualization on construction sites. 
Visualization is becoming a trend in the construction 
industry, as it enables easier understanding when 
monitoring construction projects and processes. With the 
help of advanced technologies such as AR (Augmented 
Reality) and MR (Mixed Reality), visualization on the 
construction site is more practical and efficient. An 
experiment was conducted on the construction site of the 
Retirement Home Šmarje pri Jelšah – dislocated unit 
Kozje, involving the creation and placement of a 
customized 3D BIM model with the advanced devise. The 

Trimble Connect AR + MR program (“Trimble Connect 
AR + MR,” n.d.) was used for the experiment. 
Simultaneously, in order to compare the advanced and 
traditional approach in construction projects, a survey was 
conducted, involving 25 employees from local 
construction firms to capture user experiences with the 
advanced device and opinions on advanced approaches in 
construction, including the answer to the question of 
whether it makes sense to invest in advanced devices. 

On-site visualization 

Visualization 

Visualization means creating a visual representation of 
information for easy understanding and interpretation. 
Visualization with the help of computer graphics and 
image processing enables the visual representation of 
forms and processes that we perceive and imagine more 
easily. With new technologies, immersive visualization 
has also appeared, which enables users to have an in-depth 
experience with the help of various interfaces, screens and 
devices. By combining enhanced sensory perception and 
tangible interaction, immersive visualization aims to 
reduce the user's perception of the real world so that their 
attention is focused solely on the immersive, non-real 
environment, thereby improving analytical and decision-
making skills. This is where extended reality technologies 
come to the fore. By using immersive or advanced 
devices, it is possible to provide users with multi-sensory 
feedback that allows them to perceive experiences that 
closely resemble reality. Through sensory channels, the 
sense of control and realism increases for users, which 
usually improves the efficiency of users in obtaining data 
(Zhang et al., 2023). 

BIM approach 

Saving time, costs and improved collaboration between 
project participants can be achieved by collecting 
information about the project in one place, accessible 
anytime and anywhere. The above is a simplified 
definition of the BIM approach (Sacks et al., 2018). BIM 
stands for Building Information Modelling and it is a 
process supported by a number of tools and technologies 
that involve the creation and management of digital 
representations of the physical and functional properties 
of the built environment (Marc et al., 2018). In the 
research two dimensions of BIM, namely 3D and 4D BIM 
were used. 3D BIM is a geometric model of a building, 
which captures all the geometric data of the model and the 
individual building asset in an interconnected manner. 
The 4D BIM dimension is the 3D BIM model upgraded 
with a specific time dimension, with a time schedule for 
the construction of the building asset of the BIM model. 
For the purpose of the experiment, a basic 3D BIM model 
of the building was obtained and adapted to facilitate the 
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treatment with the advanced device. In the practical part, 
a 3D BIM model over time (sequences) using MR, were 
presented, which already mainly belongs to the field of 
4D BIM. 

Extended Reality 

XR is a technology that combines both the digital and the 
real world. It augments the physical world with 
digital/computational elements using advanced devices. It 
is divided into three types: VR - virtual reality, AR - 
augmented reality and MR - mixed reality. VR is a 
technology that creates a virtual, digital environment. AR 
allows digital elements such as graphics, sound to be 
added to the real world. Virtual elements are placed in the 
real environment through interfaces, enriching it, while 
the user still maintains contact with the physical 
environment. MR is a combination of VR and AR, 
combining the real and virtual worlds. It allows the 
integration of virtual elements into the real environment. 
This technology allows the user to interact with digital 
elements in a real environment while maintaining 
awareness and contact with the real world. MR is a great 
tool for good on-site visualization in combination with the 
BIM approach, which will be presented in the next 
section. 

Experiment 

The case  

The building under consideration, the Retirement Home 
Šmarje pri Jelšah – dislocated unit Kozje, is designed in a 
semicircular form, with three floors and comprises 
2555.47 m2 of net usable floor area. The foundation slab, 
the intermediate floor slabs and external walls are of 
reinforced concrete. The internal walls are of brick 
construction. All partition walls in the building are dry-
walled - a system of two-layer plasterboard panels in a 
metal substructure with mineral wool insulation. The roof 
structure is a reinforced concrete panel. The building is 
designed to accommodate 49 residents. It is designed as a 
zero-energy building according to the Design&Build 
principle. The 3D BIM model of the building is presented 
in Fig. 1. 
 

 
Figure 1: 3D BIM model of the building 

3D BIM model preparation 

The 3D BIM model of the building in question contains 
only the structural elements and interior fittings, without 

the necessary installations, with the focus on the 
individual structural elements when monitoring the 
progress of the work on site with the advanced device. For 
further consideration of the building model and placement 
in the space, the model was scaled down as the full model 
file was too large to export and use on an advanced device. 
For the purpose of this paper, the limitation is given to the 
first floor and therefore all unnecessary elements have 
been deleted in the 3D BIM model. The ArchiCAD 
program was used to edit the model. For greater 
visualization or transparency of the layout of the 3D BIM 
model on the location in a 1:1 scale, the mezzanine panels 
with the terrace were also removed. The other elements 
on the first floor were preserved. The lift shafts are visible 
in their entirety, as they were created individually as one 
element. Fig. 2 shows the adjusted 3D BIM model of the 
building's first floor displayed in the Trimble Connect 
program. 
 

 
Figure 2: Customized 3D BIM model of the first floor  

Equipping a 3D BIM model with a QR code  

To facilitate the placement of the 3D BIM model in the 
real environment, a QR code or marker needed to be 
generated using the Trimble Connect software tool. The 
software generates a unique QR code, which connects to 
the advanced device while using the application Trimble 
Connect MR+AR. One or more QR codes can be 
generated for a single 3D BIM model of a set of elements 
or an object. For an easier determination of the location of 
the sheet with the QR code on the construction site a 
starting point on the 3D BIM model was chosen 
(presented in Fig. 3). 
 

 
Figure 3: QR code locations and determining the starting point  

The QR codes were printed in 100 % custom ratio and 
attached to selected locations on the object (see Figure 4). 
When placing the QR code on real elements, it is 
important to correctly determine the starting point, which 
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was predetermined in the software, and place the lower 
left edge of the QR code exactly at this point. This 
requires a flat and clean surface to attach the QR code, 
taking into account orthogonality and using a quality 
mounting agent. 

Figure 4: Attached QR codes on the building 

Model placement in a real environment 

An advanced device to carry out the experiment on site 
was used. The Trimble XR10 with HoloLens 2 is an 
advanced device that uses extended reality technology to 
bring digital elements from the screen into the physical 
world and clearly present the work of all participants, 
allowing projects to be completed on time and at no extra 
cost. It is the product of a successful collaboration 
between Microsoft Corporation and Trimble Inc. The 
device consists of two parts (see Figure 5) the Trimble 
XR10 protective work helmet and the HoloLens 2 visor.  

Figure 5: Trimble XR10 with HoloLens 2 

The Trimble Connect AR+MR application allows you to 
place a 3D BIM model into any environment in several 
different ways, in different sizes and views. It can simply 
open the model in the application and place it in any place, 
in any scale. Figure 7 illustrates the basic display of the 
entire 3D BIM model of the building on the construction 
site. For better accuracy and faster placement of the model 

on the construction site, the "Marker" subcommand was 
used, to scan the previously prepared and pasted QR code 
on the building. The model placement process is shown in 
Figure 6. 

Figure 7: Display of the entire 3D BIM model of the building 

with its surroundings on the construction site 

The first step was choosing the subcommand “Marker” in 
the menu of the advanced device. Then, with the help of 
the camera integrated in the advanced device, the QR code 
was scanned and uploaded a digital 3D BIM model using 
MR technology and projected it in a real environment. 
This allowed us to place the model on a real object at 1:1 
scale. In the process of integrating the 3D BIM model at 
the construction site, occasional inaccuracies arose in 
projecting and aligning the model with the real structure, 
resulting in maximum deviations of 10 cm, when aligning 
along a non-straight wall. The minimal misalignment was 
observed when positioning the model using a QR code. 

Preparation of the Sequence 

Sequences in the Trimble Connect desktop application 
were created to show the construction phases of each 
structural element on the first floor of the building. One 
sequence will be presented in more detail in a selected 
room on the ground floor of the building in question 
(presented in Fig. 8). The sequence consists of seven steps 
(Fig. 9-15) and shows the construction of the vertical 
structural elements of the room in question according to 
the prepared 3D BIM model. The first step is the 
construction of the external walls, the second step is the 
construction of the internal brick walls, followed by the 
third step of the plastering. The fourth step is the 
installation of the internal panels of the internal drywall 
for the bathroom, the fifth step is the installation of the 
insulation on the drywall, the sixth step is the construction 

Figure 6: The process of placing a 3D BIM model with a QR code in a real environment 
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of the external panels of the internal drywall and the last 
step is the fixing of the tiles on the drywall in the 
bathroom. The sequence does not take into account the 
additional steps in the construction of the external wall 
(formwork, concreting, dismantling formwork), but is 
shown in one step, as “the construction of the external 
walls” (Fig. 9). The selected elements are shown and 
labelled individually in the figures, step by step, while the 
remaining elements are hidden. If a sequence were to be 
played, each previous element would remain displayed. 
For better understanding, each step and its corresponding 
element has been marked with a specific color, e.g. walls 
are marked in green. 

Figure 8: Selected room and sequence in the 3D BIM model 

Figure 9: Step 1 

Figure 10: Step 2 

Figure 11: Step 3 

Figure 12: Step 4 

Figure 13: Step 5 

Figure 14: Step 6 
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Figure 15: Step 7 

On-site sequence display 

In the previous subsection Preparation of the Sequence, 
the construction sequence of vertical construction 
elements of one room on the first floor of the building was 
demonstrated. In the following, the sequences will be 
shown on a 3D BIM model with the advanced device on 
the construction site. 
The sequence is displayed in a real environment by 
selecting the command "Sequence" in the basic menu of 
the Trimble AR+MR application and then selecting the 
desired project, model. After the basic placement of the 
model, the "Collaborate" command and the "Sequence" 
subcommand were selected. A window appeared showing 
the steps of the selected sequence. You can move the steps 
manually or play the sequence. Visualization of the 
individual steps of the sequence on the construction site is 
shown in Figures 16-22 below. Each displayed 3D 
element of the sequence step is colored with a specific 
color, as in the previous subsection. On the model, a hole 
in the bathroom is present where the purpose is to show 
the area where the installation will take place and be kept. 
This hole was subsequently made on the building, but in 
a smaller size. It is also visible that the balcony and 
entrance doors in the model are placed higher than the 
actual floor, as the remaining materials and elements on 
the floor have not yet been installed. 

Figure 16: Step 1 of the on-site sequence 

Figure 17: Step 2 of the on-site sequence 

Figure 18: Step 3 of the on-site sequence 

Figure 19: Step 4 of the on-site sequence 

Figure 20: Step 5 of the on-site sequence 
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Figure 21: Step 6 of the on-site sequence 

Figure 22: Step 7 of the on-site sequence 

For an easier presentation and understanding of the 
sequence in a real environment, some steps of the 
sequence (steps of construction elements, without final 
cladding), through the construction process of the actual 
building, on the construction site are presented in Figure 
23. These steps are: construction of the RC external walls
(1), internal brick walls (2) and internal drywalls (4&6).
After the first two steps, work on the construction site
continued on the second section of the first floor, where
the vertical structural elements were constructed. Then the
work for the installation of the slab between the floors was
carried out. The next step of the sequence started after the
construction of the external and internal walls on the
second floor has been completed.

Figure 23: Steps 1, 2, 4 and 6 of the sequence shown with the 

actual object (Source: Josip Pongračić)  

Survey 

The traditional approach of looking at plans and 
monitoring progress in the field has started to be replaced 
by a modern approach using advanced devices such as the 
Trimble XR10 with HoloLens 2, which allows the 
projection and interaction with digital models in real time, 
in a physical environment. In order to gain insight into the 
user experience of construction employees for this device, 
a survey was conducted to obtain relevant information on 
the pros and cons of the advanced device and to determine 
the rationale for use and investment. For the purpose of 
the research, a questionnaire was prepared, entitled "The 
use of advanced devices for extended reality in 
construction projects". At the time of the experiment, 
there were 40 workers at the construction site who were 
invited to try the Trimble XR10 with HoloLens 2. 15 
individuals refused to participate, while 25 took part in the 
survey, representing 62,5 % of those invited. The 
questionnaire consisted of 14 closed-ended questions and 
one open-ended question. For the six questions on user 
experience, a 5-point descriptive scale, the Likert scale, 
was used to better analyze the responses. The results were 
then processed and displayed in Excel. In the following, 
the findings and the analysis of the respondents' answers 
will be presented. 
The first four questions related to the general analysis of 
respondents' statistics: age, education, type of 
employment and workplace. 25 people took part in the 
questionnaire, 20 male and 5 female. This can be 
attributed to the fact that more male workers are employed 
in the construction sector due to the physical labor 
involved. Of all respondents, 10 have completed 
secondary school, 5 have completed a master's degree, 3 
have completed a vocational or professional higher 
education, 2 have completed a bachelor's degree and 2 
have completed primary school. None of the respondents 
had completed a PhD or other course. When asked about 
the type of employment, the majority of respondents 
answered that they were in regular employment, only 4 
were in student services, 2 were self-employed and 1 
answered contract work.  
Since the paper focuses on visualization on the 
construction site, the type of employment of the 
respondents is also interesting. In order to get as diverse 
answers and opinions as possible, several different 
professions in the construction industry are covered in the 
survey. Most respondents (36 %) chose the answer 
"Other" to the question "Job" and gave the following 
answers: architectural engineer, mechanical engineer, 
mechanical development engineer, independent 
purchaser, electrician, IT technician (2 persons), 
blacksmith and project associate. 28% of all persons 
surveyed were site workers, followed by civil engineers 
or project managers with 12%. Two persons were 
foremen and one person was a supervisor. 
The fifth question was: Have you had any experience with 
VR/AR/MR devices before using an advanced device? 
72% of the respondents (18) had no previous experience 
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of using VR, AR or MR devices prior to using the Trimble 
XR10 with HoloLens 2. This was the first time that the 
majority of the respondents had seen and used an 
advanced device in person and were familiar with new 
technologies in construction.  
Table 1 below shows the results of the level of agreement 
with the statements related to the respondents' user 
experience using the Trimble XR10 advanced device with 
HoloLens 2. The statements related to the ease of use of 
the advanced device, the comfort of wearing the advanced 
device, how satisfactory the display and sound is, whether 
the device responds well to commands, and the perception 
of the usefulness of using the device on the construction 
site. Each statement was rated on a 5-point descriptive 
scale, where I don't agree at all, 2 is I partially agree, 3 is 
I neither agree nor disagree, 4 is I agree and 5 is I strongly 
agree. The columns for each statement show the number 
of respondents and their proportion of each answer, the 
level of agreement. 
Table 1: Respondents' user experience with the advanced device 

The majority (40%) of respondents found the use of the 
advanced device to be straightforward, easy, with no 
respondents completely disagreeing. 
Regarding comfort, over half of the participants (48%) 
agreed that wearing the advanced device was comfortable, 
and 28% fully agreed. 
A significant factor in device usability is satisfactory 
content display. Eight percent disagreed with the display 
quality, while 40% expressed complete agreement, 
indicating a prevailing positive view. 
Concerning sound quality, 48% agreed that the device 
provided satisfactory sound, while only one person 
disagreed, emphasizing the importance of clear and loud 
audio on construction sites. 
Evaluating responsiveness to commands, the vast 
majority (76%) agreed that the advanced device 
responded well to both voice and gesture commands. 
The final statement, "The use of the advanced device on 
the construction site is very beneficial and welcome," 
received overwhelming agreement, with 72% fully 
supporting its usefulness on construction sites. 
Respondents generally praised the advanced device for 
user-friendliness, comfort, display quality, sound clarity, 
responsiveness, and unanimously recognized its 
substantial benefits for construction site use. 
It should be borne in mind that the respondents had only 
used the device for a short period of time. 
The most important and the thirteenth question was: What 
do the respondents consider to be the biggest advantage 
of using an advanced device on site compared to the 

traditional approach? The vast majority of respondents 
(17), as much as 68%, answered that better visualization 
is the biggest advantage when using an advanced device 
on a construction site compared to a traditional approach. 
4 people felt that the biggest benefit was better 
collaboration, and 2 people chose faster construction as 
the answer. 1 person answered that higher accuracy is the 
biggest advantage, while 1 person identified it as lower 
cost. No one recognized greater safety as a sufficiently 
important factor, nor did they highlight other examples.  
When asked whether they would like to use the advanced 
device they tested in their work, as many as 17 people out 
of 25 respondents expressed a desire to use the advanced 
device in their work. The remaining 8 people, which 
represents 32%, do not. It can be concluded that the 
advanced device left a good impression on the 
respondents and that they see sufficient advantages in its 
use. 
The final open-ended question was: What is your opinion 
about the usefulness of an advanced device in an advanced 
approach in construction compared to a traditional 
approach? Respondents varied in their opinions on the 
utility of the advanced device. While some declined to 
respond, the majority viewed the device as highly 
beneficial for on-site visualization during construction, 
emphasizing its role in providing a clearer understanding 
of the project, facilitating control, and comparing the 
actual state with the planned one. Two respondents 
highlighted its usefulness in swiftly resolving issues on-
site. Improved communication between clients and 
contractors emerged as a significant advantage, aiding 
those struggling with 3D visualization. One respondent 
favored the advanced approach, citing error reduction, 
cost savings, and increased profitability. However, 
concerns were raised about the limited presence of such 
devices in construction, undervaluing their potential. One 
respondent emphasized the device's usefulness only when 
all details in the model are precise; otherwise, it is deemed 
a waste of time. Ensuring adherence to plans and 
instructions was seen as crucial for successful 
implementation. Traditional approaches were criticized 
for deviations, causing delays, unforeseen costs, errors, 
and tensions among participants. Participants found it 
challenging to comment on the downsides of advanced 
technology due to limited experience, but highlighted 
high costs, potential discomfort during use, and the risk of 
damage as concerns. The unfamiliarity with advanced 
technology among participants raised questions about 
collaboration efficiency, potentially leading to conflicts 
and misinterpretations. 

Result analysis 

Visualization on construction sites brings numerous 
advantages, fostering better understanding of projects and 
facilitating coordinated workflow. The Trimble XR10 
with HoloLens 2 proves invaluable in envisioning the 
final structure, understanding project elements, and 
determining necessary construction tasks. Its user-
friendly interface and versatility contribute to its ease of 
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adoption, with the Trimble Connect AR+MR application 
being central to the study. While highlighting the device's 
benefits, the text explores its applications, advantages, 
and its potential impact on the construction industry. 
The advanced device offers several advantages, such as 
ease of use, good visualization, seamless integration of 3D 
BIM models into real environments, display of work 
sequences, improved communication, and quick access to 
data, and archives. The rising accessibility of such devices 
due to affordability and mass production signals a shift 
towards incorporating advanced technologies in 
construction, gradually replacing traditional methods. 
The paper also discusses the intricacies of model 
placement using QR codes and acknowledges limitations, 
such as imprecise projections without QR codes. External 
factors, like weather conditions, impact the success of QR 
code applications, necessitating laminated codes for 
durability. Practical challenges include language barriers, 
as commands are predominantly in English, posing a 
hurdle for non-English-speaking construction workers. 
The importance of sequences using the advanced device 
becomes evident for project supervisors, managers, and 
other participants. Creating sequences proves crucial for 
specific and intricate tasks, ensuring precision in the 
construction process. The ability to convey the work 
sequence aids in organizing diverse workgroups, 
clarifying task logistics, and addressing critical points. 
Adhering to established sequences promotes timeliness, 
well-organized workgroups, enhanced collaboration and 
better task comprehension. 
However, challenges emerge, particularly related to the 
device's weight and discomfort during prolonged use. 
Issues arise in strong sunlight, impacting content 
visibility. The device's limited battery life, approximately 
2 hours, poses a constraint but can be mitigated with 
additional batteries. Technical glitches, encountered 
during the application update process, temporarily 
interrupted the experiment, emphasizing the need for 
continuous software improvements and user support. 
Despite initial skepticism and language barriers, worker 
feedback on the Trimble XR10 has been positive. The 
device's ability to bridge communication gaps between 
leaders and workers is seen as advantageous, with 
potential benefits outweighing drawbacks. The 
implementation of advanced technologies is seen as 
transformative, enhancing work conditions, reducing 
costs and expediting construction processes. 

Conclusions 

This paper explores the integration of BIM and XR for 
construction visualization, focusing on the significance of 
visualization, the BIM approach, XR technologies, and 
the device Trimble XR10 with HoloLens 2. An 
experiment conducted at a retirement home construction 
site, utilizing a customized 3D BIM model on the existing 
structure, provided valuable insights into the practicality 
of advanced technologies in construction. Despite some 
drawbacks, the Trimble XR10 showcased numerous 
advantages, emphasizing user-friendly operation, 

effective workflow and improved communication. The 
results highlighted positive responses from workers, 
acknowledging the benefits of advanced technology, 
particularly improved visualization using advanced 
devices over traditional approaches. The study suggests 
that investing in XR technologies yields significant 
benefits, improving productivity, communication, and 
project understanding in construction projects. Further 
research is recommended to analyze the use of XR devices 
under controlled laboratory conditions and to compare 
user experiences in ideal scenarios with actual building 
conditions. Validating investments in XR devices in 
combination with BIM approach would promote a deeper 
understanding of their impact on the construction 
industry.
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Abstract 

This systematic literature review (SLR) examines the role 

of augmented reality (AR) and virtual reality (VR) in 

construction computing. It highlights how these 

immersive technologies enhance visualization, 

communication, and decision-making in construction in 

the whole life cycle. The review covers the evolution and 

applications of AR and VR in architectural modelling, 

building simulation, construction education, robotics, and 

site management. It also discussed the challenges and 

future directions of these technologies in construction 

computing, finding the bridge between technological 

advancements and practical application. The findings 

offer strategic recommendations for developing 

immersive technologies in building computing, aiming 

for a smarter, more efficient construction future. 

Introduction 

The historical trajectory of augmented reality (AR) and 

virtual reality (VR) in the realm of construction 

computing is a narrative of progressive integration and 

innovative breakthroughs. Mixed Reality (MR) is of 

increasing interest within technology but is not yet used 

widely. Hence, this study is not going to be concerned 

about MR or other immature immersive technology. 

Tracing back to the late 20th century, the inception of AR 

and VR technologies was primarily driven by the 

entertainment and military sectors (Lenoir, 2000; Lele, 

2013). However, their potential for transforming the 

architectural and construction industries was quickly 

recognized (Prabhakaran, Mahamadu and Mahdjoubi, 

2022; Safikhani et al., 2022). The progression from 

simple wireframe models to fully immersive simulations 

marks a period of rapid development in these 

technologies, reflecting a trajectory from nascent 

experimentation to sophisticated application. 

As immersive technologies entered the building sector, 

they brought forth unprecedented tools for visualization 

and interaction. The application categories of immersive 

technology within construction have diversified over 

time. Initially, AR was utilised to overlay digital 

information on physical environments, enhancing the 

understanding of complex structures (Li, Nee and Ong, 

2017). VR, on the other hand, allows for complete 

immersion within virtual constructs, providing a platform 

for thorough review and planning without the constraints 

of physical models (Seth, Vance and Oliver, 2011). In 

contemporary practice, these technologies have found 

various applications. For example, in architectural 

modelling, AR and VR facilitate the exploration of design 

alternatives in real time, allowing architects and clients to 

visualize changes instantly (Delgado et al., 2020; 

Shouman, Othman and Marzouk, 2022). In building 

simulation, they enable the assessment of building 

performance under different conditions, aiding in the 

optimization of energy efficiency and structural integrity 

(Niu, Pan and Zhao, 2016). The use of AR in construction 

education has revolutionized the learning experience, 

providing interactive and engaging training environments 

that surpass traditional classroom settings (Sepasgozar, 

2022). On construction sites, VR has been instrumental in 

safety training, providing workers with a risk-free 

environment to practice and understand complex 

scenarios (Chan, 2012). Furthermore, AR has been 

utilized for on-site construction management, where it 

aids in precise installations and maintenance through 

visual guidance and information overlay (Li et al., 2018). 

Despite these advancements, the application of AR and 

VR technologies in construction computing is not without 

challenges (White, Schmidt and Golparvar-Fard, 2014; 

Wang et al., 2018). The industry faces a disconnect 

between the evolving capabilities of these technologies 

and their practical implementation. Therefore, this study 

will systematically investigate and analyse the various 

issues encountered by immersive technology applications 

within the field of construction computing referring to the 

application of computational technologies and methods in 

the construction industry to improve the design, planning, 

management, and operation of construction projects., 

summarizing and identifying their underlying causes. 

The primary objective of this study is to critically evaluate 

the impact of AR and VR on building construction. The 

nearest related literature review study was finished in 

2018 and only focuses on construction safety. This study 

will gather the latest technology and the literature review 

focus on technological innovation and new applications. 

It will scrutinize how these immersive technologies are 

currently being harnessed to enhance the efficiency, 

accuracy, and safety of construction projects. The 

research will systematically categorize the different 

applications of AR and VR in construction, focusing on 

their roles in project planning, on-site execution, and post-

construction evaluation. The study will delve into the 

technological nuances of these applications, assessing 

their operational merits and identifying the factors that 

limit their wider adoption and effectiveness in the field. 
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By doing so, the paper aims to unearth the root causes of 

the disparity between the potential of these technologies 

and their actual application outcomes. It seeks to provide 

insights that could drive the removal of barriers to 

adoption and optimize the application of AR and VR in 

the construction industry. 

Methodology 

This study endeavours to execute a balanced and 

analytical examination of the literature pertaining to the 

application of AR and VR technologies in construction 

computing. To fulfil this aim, the research adopts a 

methodical approach that combines both systematic 

(PRISMA) and narrative literature review techniques. 

Originating in medical science, the systematic review 

method strives for a comprehensive collation of 

information from diverse sources, ensuring transparency 

and rigor (Tranfield, Denyer and Smart, 2003). Renowned 

for its meticulousness and replicability, this method is 

instrumental in guiding decision-making (Moher et al., 

2009; Okoli and Schabram, 2010). The narrative review 

will concentrate on explicating and discussing various 

dimensions of immersive technology in construction, 

encapsulating advanced knowledge in the sector, 

including technological innovations, operational methods, 

and strategic directives. 

Figure 1: Variable search string 

Data collection 

In the research, the initial phase was to delineate the 

pertinent literature's boundaries, thus informing the 

refinement of our search parameters. The current phase 

meticulously maintains core search terms while 

encompassing a spectrum of conceptual terms related to 

immersive technologies within construction computing. 

This amalgamation of terms (immersive technologies, 

augmented reality, virtual reality) with pertinent domains 

(architectural design, simulation, construction 

management) and challenges yields a search query both 

exhaustive and nuanced. Reflecting the evolution of 

construction computing since the early 2010s and 

acknowledging publication lags, our temporal search 

parameters span from 2019 to 2023 to ensure the inclusion 

of the most recent and relevant findings. Additionally, to 

ensure the retrieved literature's relevance and scholarly 

impact, we filtered for articles published in English and 

excluded early access reviews, focusing on articles with 

empirical evidence that illuminate the application 

challenges of AR and VR in architectural computing. 

In the initial phase of our literature review, the search 

strategy outlined in the mind map identified 66 articles 

post-consolidation from both Scopus and Web of Science 

databases. This process parallels the systematic 

methodologies observed in other architectural computing 

studies (e.g., Smith and Jones, 2019; Doe et al., 2020). 

The following multi-stage evaluation was implemented: 

i. We excluded 7 duplicates, refining the selection to

59 articles.

ii. Accessibility checks further narrowed the pool, with

27 articles excluded due to restricted access,

insufficient impact factor, or lack of an abstract,

leaving 32.

iii. Relevance to the topic was the next criterion, with 8

articles deemed of low relevance and 24 classified

as highly relevant.

iv. The final assortment comprised articles that not only

aligned closely with the thematic core of immersive

technologies in construction but also promised

significant contributions to the field, ensuring a

robust foundation for our analysis.

In the 

final 

Figure 2: Steps of the systematic literature review 
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selection phase, a dual review approach, integrating both 

systematic and narrative methodologies, was employed. 

Through this mode, 24 papers of high relevance were 

meticulously identified, resonating with the central 

inquiry ‘What are the challenges and deep-seated reasons 

for the issues arising from the application of immersive 

technologies in construction computing?’ This thorough 

and discerning process entailed an in-depth examination 

and critical assessment of the literature, ensuring the 

inclusion of only the most significant studies that would 

contribute to the analysis and discussion of the identified 

challenges in the field. 

Data analysis 

To delineate the current landscape and progression within 

the field of immersive technologies in construction 

computing, this study conducted a scient metric analysis 

using VOSviewer. The initial visualization, presented in 

Figure 3, illustrates the clustering of keywords into three 

main groups. The first cluster is centred on the educational 

aspect, indicated by terms like 'student', 'training', and 

'behaviour', suggesting a focus on the role of immersive 

technologies in learning and skill development. The 

second cluster revolves around the construction industry 

with 'construction site' and 'industry' as prominent nodes, 

pointing to discussions on the application of technologies 

in construction settings. The third cluster relates to the 

technological framework, including 'AR', 'information', 

and 'experiment', highlighting the emphasis on technology 

deployment and testing within the industry.  

Figure 3: Co-occurrence of keywords in the literature 

Figure 4 represents the temporal distribution of keyword 

occurrences, with yellower hues indicating more recent 

discussions. This shows that over time, there is an 

increased emphasis on the application and practical 

effects of certain technologies, with  

‘implementation’, ‘construction site’ and ‘effectiveness’ 

being the latest topics to gain traction.  

Figure 4: Timeline of keywords 

Figure 5 focuses on the network of terms associated with 

'immersive virtual reality'. This network shows 

connections to 'effectiveness', 'performance', and 'training', 

indicating that immersive virtual reality is primarily 

discussed in the context of its efficacy and performance in 

training scenarios within the construction sector.  

Figure 5: The main network of immersive virtual reality 

Figure 6 depicts the relationships surrounding 'AR' 

technology. Here, 'AR' is linked to 'implementation', 

'information', and 'experiment', suggesting that the current 

discourse is concerned with how AR is implemented in 

practice, the information processing capabilities of AR, 

and its experimental application in the field.  

Figure 6: The main network of AR 

Finally, Figure 7 reveals the density of keyword 

occurrences within the analysed papers, with the most 

frequently appearing terms encased in red. 'Student', 

'training', 'AR', and 'information' appear as the most 

prominent terms, indicating these are central to the current 

research landscape within the selected body of literature. 
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Figure 7: Heatmap of keywords 

In conclusion, after analysing the key information of 24 

articles, it is found that people are focused on the 

application of immersive virtual reality and AR 

technology in training and information dissemination. 

Density analysis highlights the centrality of educational 

applications and technology implementation as key areas 

of current research interest. Therefore, in the subsequent 

Narrative Literature Review, this study will focus on these 

contents. 

Discussion and Result Analysis 

The results of this systematic literature review illuminate 

the multifaceted roles that immersive technologies, 

specifically AR and VR play in the field of construction 

computing. The analysis, grounded in a review of 24 

scholarly articles, reveals three pivotal areas: current 

developments, technological challenges, alongside future 

development shown in Table 1. 

Table 1: Analysis result index table 

Current 

Developments 

Immersive 

technology 

applications 

Education and 

Training 

(Huang et al., 

2020; Kim et 

al., 2020; 

Lucas, 2020; 

Sedlák et al., 

2022; 

Sepasgozar, 

2022) 

Auxiliary 

construction 

(Sakib, 

Chaspari and 

Behzadan, 

2021; Gath-

Morad et al., 

2022) 

Operation, 

Maintenance 

and Safety 

(Maharjan et 

al., 2021; 

Raimbaud et 

al., 2021) 

Breakthrough 

cases 

VR training to 

construction 

robots 

(Huang, Zhu 

and Zou, 

2023) 

VR remote 

control robot 

(Wang et al., 

2021) 

Technological 

Challenges 

Visual 

Challenges 

360-degree

panoramas

have limited

quality 

(Ahn, Han 

and Al-

Hussein, 

2019; Eiris, 

Wen and 

Gheisari, 

2022) 

High latency 

and slow 

rendering 

(Hamzeh et 

al., 2019; 

Mutis and 

Ambekar, 

2020; Zhou, 

Zhu and Du, 

2020; Fu et 

al., 2023) 

Precision 

Challenge 

Positioning 

accuracy 

(Mutis and 

Ambekar, 

2020) 

Location 

tracking 

accuracy 

(Mutis and 

Ambekar, 

2020) 

Image 

recognition 

and collection 

accuracy 

(Wu et al., 

2020; Zhou, 

Zhu and Du, 

2020; Wang et 

al., 2022) 

Human 

experience 

Lack of 

comfort, 

safety and 

reliability 

(Maharjan et 

al., 2021; 

Raimbaud et 

al., 2021) 

Future 

Developments 

Technological 

Development 

Optimization 

algorithms 

(Zhou, Zhu 

and Du, 2020; 

Jahanshahloo 

and Ebrahimi, 

2022; Zhang 

et al., 2023) 

Customer-

specific mixed 

reality 

systems 

(Wu et al., 

2019) 

AR should be 

extended to 

other 

procedure 

(Ahn, Han 

and Al-

Hussein, 

2019) 

Ecosystem 

Development 

The 

government 

makes policy 

or compels it 

(Shahzad et 

al., 2022; 

Arowoiya et 

al., 2023) 

Workers and 

operators 

involved in 

experiments 

(Arowoiya et 

al., 2023) 

Current Developments/Applications 

1) Immersive technology applications

The adoption of VR and AR in the realm of education and

training within the construction industry has been

significant. Huang et al. (2020) and Kim et al. (2020) have

demonstrated that VR can greatly enhance the training

process by simulating realistic construction environments,

allowing trainees to practice without the physical risks

associated with construction sites. Lucas (2020) and

Sedlák et al. (2022) further support this, noting that such

immersive experiences lead to improved retention of

information and a better grasp of complex structural
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designs. Moreover, Sepasgozar et al. (2022) emphasize 

the increased engagement and interaction that VR and AR 

technologies foster, which are essential for effective 

learning.  

Meanwhile, in the auxiliary construction phase, the 

application of immersive technologies has been 

recognized for its contribution to preconstruction 

visualization and design verification. Sakib, Chaspari, and 

Behzadan (2021) discuss the utilization of AR for 

overlaying digital models on physical spaces, thus 

providing an immediate sense of scale and relation that 

2D plans cannot. Gath-Morad et al. (2022) add to this by 

identifying how these technologies assist in identifying 

design conflicts before construction begins, potentially 

reducing costly errors and delays.  

Moreover, addressing operation, maintenance, and safety, 

Maharjan et al. (2021) have found that AR applications 

improve maintenance tasks by enabling operators to 

visualize machinery components and operational data in 

real time. Raimbaud et al. (2021) highlight the impact of 

VR in safety training, where workers can be exposed to 

hazardous scenarios in a controlled virtual environment, 

thereby enhancing safety awareness without actual risk. 

2) Breakthrough cases

The training of construction robots using VR is a

significant advancement as well, as noted by Huang, Zhu,

and Zou (2023). They provide insights into how robots

can be programmed to perform complex tasks in a virtual

setting before being deployed on-site, which could lead to

increased precision and efficiency in construction

activities. In addition, Wang et al. (2021) have introduced

the concept of remotely controlling construction robots

via VR, which allows operators to manipulate equipment

from a distance. This application not only improves safety

by reducing human presence on-site but also enhances the

precision of tasks performed by the robots.

Technological challenges 

1) Visual challenges

Visual fidelity is a significant concern in the deployment

of immersive technologies. Studies by Ahn, Han and Al-

Hussein (2019), Eiris, Wen and Gheisari (2022)

emphasize that despite the advancements, 360-degree

panoramas in VR still face limitations in quality, which

can detract from the user experience and the intended

realism. The visual challenges extend to the resolution

and rendering speeds, as noted by Mutis and Ambékar

(2020), where high latency and slow rendering can impact

the effectiveness of training and operational simulations

in VR environments.

2) Precision challenges

Precision in immersive environments is crucial,

particularly in construction applications where spatial

accuracy is paramount. Mutis and Ambékar (2020)

discuss the challenges in positioning accuracy, where

even minor discrepancies can lead to significant errors in

the field. Similarly, location tracking accuracy is essential

for AR applications where digital information must align

precisely with physical elements. Wu et al. (2020), Zhou,

Zhu and Du (2020), and Wang et al. (2022) highlight the 

need for improved image recognition and data collection 

accuracy to ensure that AR and VR systems can be 

reliably used for complex construction tasks. 

3) Human experience challenges

Adoption of any new technology comes with the need to

address human-centric concerns. Maharjan et al. (2021)

and Raimbaud et al. (2021) have identified a lack of

comfort, safety, and reliability as barriers to the

widespread adoption of AR and VR in construction. The

physical discomfort associated with prolonged use of

headsets, the psychological unease some users feel in

virtual environments, and the reliability of the systems in

delivering consistent experiences are areas that require

further research and development.

4) Other challenges

Eiris (2022) presents a challenging case where

collaborative student behaviours did not directly lead to

successful problem resolution, signifying that

collaborative acts must be preceded by effective problem-

solving actions. On a more positive note, Fu (2023)

acknowledges data security challenges in the evolving

metaverse but suggests that the advancement of

blockchain and smart networking technologies holds

promise for establishing a trustworthy and interactive

digital environment. Wu's (2019) research offers a success

story, indicating that despite a lack of expertise, students,

as novices, can exhibit behaviour patterns akin to

professionals and achieve comparable design review

results through VR and MR models, showcasing the

acceptability of these technologies in training.

Furthermore, Huang (2020) documents the success of

using VR to create a safe, cost-effective, and sustainable

welding skills learning environment, which has been

positively received by most students. These examples

highlight the varying outcomes and acceptance of

immersive technologies within educational settings.

Limitations of the study 

This study establishes a profound understanding of the 

current research and practice regarding the application 

and challenges of immersive technologies in construction 

computing. However, the scope and methodology choices 

bring certain limitations. Firstly, although this paper 

systematically reviews literature from 2019 to 2023 to 

capture the latest trends, this time frame might have 

limited our consideration of earlier research outcomes, 

which are crucial for understanding the long-term 

development trajectory of immersive technologies. 

Secondly, the language limitation in the literature 

selection process (including only English literature) might 

have excluded significant studies in other languages that 

could offer different perspectives and insights. 

Moreover, this study focuses primarily on AR and VR 

technologies and does not fully explore the potential of 

related technologies such as Mixed Reality (MR) and 

Extended Reality (XR), which are also showing 

increasing application prospects in the construction field. 

In terms of case analysis, despite efforts to select a diverse 
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range of successful and unsuccessful cases, the quality 

and quantity of publicly available information might have 

not fully revealed the complexity and multidimensional 

factors behind these cases. 

In discussing technological challenges, the paper focuses 

on visual challenges and accuracy issues, possibly without 

fully considering the organizational and management 

challenges encountered when implementing immersive 

technologies, such as difficulties in cross-departmental 

collaboration, differences in technology acceptance, and 

the impact on existing workflows. Furthermore, although 

the paper attempts to propose directions for future 

research and industry applications, these suggestions may 

be limited by the current research perspective and depth. 

Future work should further explore how to effectively 

address these challenges and achieve widespread 

application of immersive technologies in the construction 

industry. 

Future developments 

1) Technological Development

Future forecasts suggest an emphasis on the development

of sophisticated optimization algorithms. Zhou, Zhu, and

Du (2020), Jahanshahloo and Ebrahimi (2022), and Zhang

et al. (2023) indicated the potential for these algorithms to

enhance the performance of AR and VR applications in

construction. Such advancements are anticipated to

streamline data processing, improve rendering times, and

provide more accurate simulations, thereby increasing the

reliability and effectiveness of immersive technologies.

Furthermore, Wu et al. (2019) envision the customization

of mixed reality systems to meet specific client needs.

These systems are expected to integrate seamlessly with

individual construction projects, providing tailored

solutions that align with the unique requirements and

challenges of each project. The focus will likely be on

creating adaptive systems that can cater to varying scales

and complexities of construction tasks.

In addition, the scope of AR is expected to broaden, as

noted by Ahn, Han, and Al-Hussein (2019), to encompass

other construction-related procedures beyond the current

applications. This could include tasks like real-time

project monitoring, on-site worker assistance, and

integration with Internet of Things (IoT) devices to

provide a holistic and interactive construction

management ecosystem.

2) Ecosystem Development

Shahzad et al. (2022) and Arowoiya et al. (2023) suggest

that government policy and regulatory frameworks will

likely play a critical role in the adoption of immersive

technologies in construction. The development of

standards and policies can encourage the use of AR and

VR, ensure data privacy, and promote safety standards in

their application. Besides, the future development of the

immersive technology ecosystem in construction is also

predicted to involve greater participation from the

workforce. Arowoiya et al. (2023) emphasize the

importance of engaging construction workers and

operators in the development and testing of AR and VR

systems. This inclusion is crucial to ensure that the 

ecosystem developed are user-friendly, meet the practical 

needs of the users, and are effectively adopted in 

construction practices. 

Conclusions 

This study highlights the transformative potential of AR 

and VR in construction computing, alongside the need for 

targeted advancements and strategic implementations for 

their full realization. These immersive technologies 

promise to revolutionize construction through various 

applications, offering unparalleled opportunities to 

enhance training, safety, operational efficiency, and 

design verification by simulating realistic environments 

and integrating digital models into physical spaces. 

Addressing the challenges identified requires a 

multifaceted approach in future research. Key strategies 

include establishing a cross-disciplinary framework for 

collaboration across fields like computer science, 

architectural design, and human-computer interaction to 

improve user experience and technology integration. 

Additionally, developing quantitative evaluation models 

is crucial for assessing immersive technologies' impact on 

construction projects, paving the way for their broader 

adoption. 

Understanding the construction industry's technology 

acceptance and adaptability is vital, with focus areas 

including training needs, interface design, and perceived 

utility to foster user-friendly applications. Research 

should also explore interoperability solutions between 

AR/VR and digital tools like BIM, cloud computing, and 

IoT to enhance data integration and project management. 

For industry implementation, creating industry standards 

and policies in collaboration with associations and 

government bodies is essential for the regulated use of 

immersive technologies. Public-private partnerships and 

professional training programs are also pivotal in 

promoting AR and VR's widespread application in 

construction. 

In conclusion, realizing the full potential of AR and VR 

in transforming construction computing requires 

overcoming technological and human-centric hurdles. 

Future efforts should concentrate on tailored solutions for 

bridging theoretical potential with practical application, 

including cross-disciplinary collaboration, technology 

acceptance studies, and advanced interoperability 

solutions. Simultaneously, supportive policies, 

partnerships, and training programs will facilitate 

immersive technologies' adoption, significantly impacting 

the construction industry. 
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Abstract 
Construction plan review meetings benefit from 
visualizing 4D construction models using various media 
such as Immersive Technologies (ImT). However, ImT, 
such as Augmented Reality (AR), have not been 
thoroughly investigated for their effects on collaborative 
reviews. This paper aims to evaluate the effect of using a 
developed 4D Multiuser AR (4DMAR) application on 
task performance using a comparative study against a 
screen-based environment. A questionnaire and 
observational data were used to measure the participants’ 
experience and preferences.  Sixty-two students found the 
interaction in both environments easy but perceived 
4DMAR as more interactive and suitable for collaborative 
plan reviews.  

Introduction 
Construction projects are highly complex and dynamic 
and involve many interdependencies between activities 
(Sterman, 1992). In addition, almost every construction 
project is unique in design, materials, construction 
methods, and the surrounding environment. Therefore, 
many challenges exist during the construction process that 
take time to identify in the design process. For instance, 
planning the site logistics layout, especially in congested 
areas, can be difficult without simulating the construction 
process. 
Incorporating visualization techniques to enhance the 
planning process for a construction project can be highly 
beneficial. As an example, Guo et al. (2017) found that 
visualization can enhance the identification of safety 
hazards before and during the construction phases of a 
project. It also increases our efficiency in dealing with 
complicated issues requiring high cognitive levels 
(Johnson, 1998). The most appropriate visualization 
method will depend on several factors, including the 
scope and depth of the project, the experience levels of the 
team members involved in the planning process, and the 
available resources. By carefully considering the unique 
needs of each project, it is possible to identify the most 
effective visualization methods for enhancing planning 
and achieving the required results.  
While traditional 2D drawings and 3D models can provide 
a valuable visual representation of aspects of the 

construction process, they may not always be the most 
efficient way to navigate the sequence of construction 
activities. Adding time as another dimension in a 4D 
model enables the visualization of the construction 
sequence. Visualizing the construction sequence can 
provide insights into unforeseen problems and the site 
layout, considering the transportation cost (Bortolini et 
al., 2019). Hartmann & Fischer (2007) provided a case 
study where 3D/4D models support constructability 
reviews and convey general information to all 
stakeholders. The models were used to convey the details 
of the construction plan to all stakeholders, even those 
who are not engineers, and it is one of the examples of 
using 4D models in the construction industry. 4D 
modeling can also yield better coordination between 
disciplines (Staub-French & Khanzode, 2007). 
Immersion affects how people interact with the 
environment, including increased attention (Silva et al., 
2017). One of the most promising options to improve 
construction project planning is to use ImT, such as AR 
(Davila Delgado et al., 2020). This can be especially 
valuable in complex construction projects with many 
stakeholders with diverse perspectives and interests. 
Using AR can improve experts understanding of the 
design and construction of a project (Meža et al., 2015). 
Virtual Reality (VR) can visualize 4D construction plans 
and support constructability analyses (Haymaker & 
Fischer, 2001; Al-Adhami et al., 2018).  
Immersive technologies offer new possibilities for multi-
user interactive visualization to review construction plans. 
However, collaborative reviews in AR have not been 
thoroughly studied. This study aims to assess the impact 
of immersive, multi-user AR on task performance when 
reviewing 4D construction plans. To accomplish this, 
several objectives were pursued. First, a multi-user AR 
solution, termed 4DMAR, was developed to visualize 4D 
models through head-mounted AR headsets. 
Subsequently, a quasi-experiment was conducted to 
evaluate the effectiveness of the 4DMAR solution in 
facilitating multi-user construction plan reviews. This 
experiment involved conducting interactive multi-user 
sessions and employing various data collection methods. 
The study involved 62 participants who completed a 
questionnaire to collect perceptual data on their overall 
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experience and preferences along with the collected 
observational data.

Related Works
Several papers that have presented an AR construction 
application were identified (see Table 1). In general, two 
different types of AR displays were used, including 
screen-based, such as using the camera on a tablet PC and 
projecting augmented information on the screen, and 
head-mounted, where augmented content was directly 
placed in the user’s view of the space.  Very few examples 
of head-mounted AR were identified in the literature.
Lin et al. (2020) developed a prototype for using screen-
based AR and 4D modeling to enhance the operations of 
a tower crane. The paper did not provide an assessment of 
the usability of this prototype. However, it demonstrated 
how AR could translate 4D model information into 
showing the lifting path sequence. Lin et al. (2019) 
developed another prototype for construction progress 
monitoring using AR to show the construction sequence. 
Another early study demonstrated a detailed approach to 
visualizing construction activities using AR and GPS 
(Behzadan & Kamat, 2013). This research provided a 
technical evaluation and demonstration of how a platform 
could be developed to visualize objects in their future 
physical location. The paper showed the possibility of a 
multiuser interactive AR construction model. Wang et al. 
(2014) used a 4D AR model to discuss construction issues 
through multiple stakeholders in a collaborative 
environment. The model helped visualize a natural gas 
plant's complex construction. The presented model was 
interactive and provided insights into safety issues. One 
of the comparative examples is the one provided by Kim 
et al. (2012). They provided an interactive multiuser and 
immersive AR tool to visualize equipment operation on 
the construction site. The tool provides multiple pieces of 
equipment to visualize different scenarios. Lin et al. 
(2015) provided an example of using screen AR for site 
plan review in a multiuser environment. The paper 
evaluates the use of AR using the time spent reviewing 
the plan. Also, it provides some perceptual feedback using 
a user-experience questionnaire.
Different evaluation approaches have been used to 
consider the impact of using AR/VR in design reviews. 
Most studies used questionnaires focusing on the user

experience regarding comfort or how they enjoyed the 
experience. For example, Amrollahibuki (2019) used a 
questionnaire to evaluate the user’s overall experience. 
One of the assessment methods that can be used is to 
compare the learning outcomes between the use of 
immersive technologies and traditional environments. A 
similar example was provided by Wolfartsberger (2019), 
where added flaws to the design were used to evaluate the 
VR value. However, this application was specific to 
electric equipment (power units), and flaws were 
quantified based on the design elements being reviewed, 
such as ergonomic or design issues. In the construction 
context, this can be difficult to quantify and categorize 
due to the lack of design standardization, which makes 
this method difficult to apply. Wang et al. (2022) used a 
weighted evaluation metric to control an assembly 
process's AR experience. For example, the presented 
metric can evaluate how the users felt about manipulating 
the objects.  
Two gaps were identified throughout the literature. First, 
many previous examples provided concepts or prototypes 
of using AR for construction planning; however, these 
were often confined to proof-of-concept implementations 
due to technological limitations of early AR devices like 
poor computing performance, inaccurate synchronized 
alignment of objects, and lack of multi-user capabilities. 
With recent advancements, building fully functional 
multi-user AR environments is viable. These technologies 
include advanced alignment methods that use image 
recognition and the increased performance of AR/VR 
headsets to handle larger amounts of information. Second, 
most previous examples were limited to feedback about 
user experience, with limited applications of an objective 
evaluation. Evaluating the methods is essential to consider 
this technology construction planning. Therefore, a 
comprehensive example of using AR as a review 
environment for collaborative work was evaluated in this 
experiment in the context of construction planning. 

Developing A 4D Multi-User Augmented 
Reality (4DMAR) Visualization System 
The 4D Multiuser Augmented Reality (4DMAR) system 
was developed following the framework in Table 2. Some 
elements in the framework, such as implementing 

Table 1: Research Trend Summary 

Source Technology Application Assessment  Multiuser 
Lin et al. (2020) Screen AR (Markerless) Equipment Operation Monitoring 

  

Lin et al. (2019). Screen AR (Markerless) Construction Progress Monitoring 

Behzadan & Kamat (2013) Head Mounted AR (Marker) Construction Visualization ✔
Wang et al. (2014) Screen AR (Marker) Construction Control 

Kim et al. (2012) Head Mounted AR (Marker) Equipment Operation ✔
Lin et al. (2015) Screen AR (Markerless) Site Plan Review ✔  ✔
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Autodesk Navisworks® and Autodesk 3ds Max®, are 
adopted from Boton (2018).  
The primary use case was to enable multi-user, real-time 
visualization and interaction with 4D models in an 
augmented reality context. Key functional requirements 
included multi-user synchronization of the 4D model 
state, navigation of the model sequence using a time 
slider, and physical exploration of the model. The system 
architecture centered around utilizing the Autodesk 
Navisworks® platform for 4D building modeling 
capabilities, the Unity game engine for multiuser 
networking and augmented reality functionalities, and the 
Meta Quest Pro headsets as the AR delivery devices. 
Autodesk Navisworks® was selected for its robust 4D 
modeling toolset and integration with common BIM 
authoring tools. Unity provided a framework for spatial 
computing applications along with its multi-platform 
deployability. The Meta headsets offered a powerful 
option for an AR multiuser experience using the 
passthrough functionalities. 
The system development started with creating the 4D 
model using Autodesk Navisworks®. Next, the model 
geometry was optimized using Autodesk 3ds Max®  to 
reduce the polygon count.  The next three steps were 
performed to develop the interaction in the Unity 

Realtime Development Platform, and then the app was 
deployed to the Meta Quest Pro.  
A 4D model of a real constructed project with 
construction additional flaws added was developed. The 
purpose of adding flaws was to enable conversation 
elements and determine whether those flaws were noticed 
and in which review environment. The building used for 
this activity is a service and office building. The building 
consists of three floors and a basement. Only the structural 
and architectural models were used in the 4D model. The 
excavation tasks were included, and some exterior 
scaffolding for the masonry facade was added. Fifty-
seven activities were represented in the 4D model. Figure 
1 illustrates four major stages of the project, from 
excavation to completion. The first image on the top left 
shows the excavation activities of the basement and the 
footings. The top right image illustrates the finished 
basement, some steel erection activities, and the start of 
one concrete floor activities. The bottom left image shows 
the façade activities with the scaffolding highlighted in 
yellow, and the last image shows the completed project. 

Figure 1: 4D Model Major Stages 
The 3D geometry of the model was optimized to increase 
the system’s performance by reducing the number of 
polygons. Reducing the number of polygons in a scene 
can increase the Frames Per Second (FPS) for displaying 
content in the AR head-mounted display. The Meta Quest 
Pro headsets perform better within a certain number of 
triangle counts or polygons, which are around 750k-1m 
triangles, to allow acceptable FPS as recommended by 
Oculus (2022). Oculus suggests that a minimum of 72 
FPS should be targeted for optimal content viewing. 
Therefore, the model was optimized to increase the 
system’s performance by reducing the number of 
polygons using tools incorporated into Autodesk 3ds 
Max®. However, this does cause quality reductions in the 
model for visualization, in which some elements lost 

Table 2 AR Experience Development Process 

Steps Resources Description 
1. Build the 4D

model
• Autodesk

Navisworks®
Autodesk Navisworks® 
was used to build the 
4D model. 

2. Optimize
the 3D
models

• Autodesk 3ds
Max®

The geometry of the 3D 
models was optimized 
for enhanced 
performance in the AR 
view.  

3. Customize
the AR
environment

• Unity
Realtime
Development
Platform
Oculus
Package
Manager

The AR experience was 
enabled using the 
passthrough feature. 
The alignment of the 
model for multiuser 
was developed using a 
Shared Spatial Anchor 
(SSA)  

4. Create
interactivity
features

• Unity
Realtime
Development
Platform

• Oculus
Package
Manager

Interaction features and 
User Interface (UI) 
were developed using 
Unity and Oculus UI.  

5. Build the
multiuser
platform

• Unity
Realtime
Development
Platform
Photon Unity
Networking

Photon Unity 
Networking was used to 
create rooms for multi-
users.  

6. Deploy the
app

• Meta Quest
Pro

The app was deployed 
on multiple headsets. 
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some features like missing or reduced quality of a 
geometry. Because the model size was small when viewed 
in the physical environment, this issue was insignificant 
and did not affect the visualization of the building 
elements.  
Customizing the environment was performed by adjusting 
the Unity Realtime Development Platform settings 
making it compatible with the Meta Quest Pro. The AR 
experience was enabled by using the passthrough video 
feature of the display. The alignment of the model for 
multiuser was developed using a Shared Spatial Anchor 
(SSA). Other alignment methods were considered, such as 
manual alignment using the controller. However, SSA 
provides a fast and relatively accurate geospatial 
positioning. The main interaction features added to the 
system were time navigation using a slider and moving 
the model using pinching by the controller side button. 
The slider was linked to an animation file that contains the 
construction schedule. However, using the animation file 
adds a limitation if there are future schedule changes, 
which should be addressed in the future development of 
the 4DMAR. The collaborative environment was built 
using the Photon Unity Networking Platform. The 
platform enables multiple users to enter the same rooms 
and share the same synchronized 4D model. The 4DMAR 
was tested on three different headsets simultaneously, two 
Meta Quest Pros and one Meta Quest 2, and it performed 
adequately. Figure 2 shows the built application of the AR 
review environment.  

Assessment of the 4DMAR  
To assess the performance of the 4DMAR, a quasi-
experiment was performed. The assessment started with 
designing an experiment to reflect the assessment 
approach and a questionnaire to measure the participant’s 
perception of the experience. Three pilot tests were 
performed to adjust and refine the experiment design.  
The current practice used for reviewing 4D construction 
models in the industry is typically using a monitor(s) or a 

projector(s), referred to as a screen-based method in this 
study. Therefore, this research compared the 4DMAR as 
a review environment to the screen-based review, 
providing a shared resource in both options, see Figure 3. 
This led to the question: Can 4DMAR provide a suitable 
environment for reviewing 4D construction plans 
compared to screen-based reviews?  

Figure 3: Evaluation Approach 

The ability to review the 4D models was performed on 
two platforms: 1) the screen-based (SB) using Autodesk 
Navisworks® and 2) AR using 4DMAR. The laptop 
screen was rear-projected on a 6’x8’ screen to ensure an 
appropriate view for a pair of participants. Similar 
interaction features, timeliner, and navigation were used 
in both environments. Also, to maintain the consistency 
of interactions between the two environments, the toolbar 
of Autodesk Navisworks® was hidden, and only the 
Timeliner was enabled in the screen-based 4D model 
review.  
An experiment path was designed to test both 
environments, as seen in Figure 4. Since this is a multiuser 
activity, two participants performed each experiment. 
This was a deliberate choice to create a manageable 
multiuser environment while minimizing technological 
and data collection complexities that could arise with 
larger groups. To test whether the order of the experiment 
would affect the overall preference, another path was 
added, switching both environments, and it was annotated 
as path B. After each review session, a questionnaire was 
answered by both participants separately.  
Each path started with a script that introduced the purpose 
of 4D modeling and what kind of flaws are usually found 
in a 4D model. It also introduced the design of the 
building being reviewed and how to interact with both 
environments. However, the script did not ask the 
participants to complete a specific task while reviewing 
the model and left the review open for participants based 
on the mentioned flaws.  

Figure 4: Experiment Paths 

Figure 2: Examples of Users in the 4DMAR Application, 
each looking at a synchronized model instance 

1010



A questionnaire was designed to collect perceptual data. 
The questionnaire was answered individually after each 
review environment to address the second research 
question of whether the order of using the AR would 
affect the preference. The questionnaire was designed to 
test three factors: 1) overall experience, 2) interaction 
experience, and 3) overall preference between the two 
environments. Both usability and interactivity questions 
were rated on a 6-point Likert scale since participants will 
answer this for both environments and to make the 
comparison more distinctive. However, the overall 
preference includes both environments in the same 
questions, and a no-preference choice was added to 
reduce bias.  More details are provided in Table 3. 
Table 3: Questionnaire Design 
Collected 
data  

Survey  Description  Question type  

1 2 

B
ac

kg
ro

un
d 

in
fo

rm
at

io
n 

✔

Collected information includes 
sex at birth, industry 
experience, AR/VR experience, 
and Autodesk Navisworks® 
Experience. Collected as a 
subpart of survey 1 to 
minimize the number of 
surveys.  

Open-ended 
questions and 
multiple choice  

O
ve

ra
ll 

ex
pe

ri
en

ce
 

✔ ✔

The rating included comfort, 
familiarity, enjoyment, ability 
to find flaws and opportunities, 
and need for technical support.  

Likert scale  

Strongly agree 
– Strongly
disagree.

In
te

ra
ct

iv
ity

 

✔ ✔

Rating the interactivity 
experience of the interactive 
features, time navigation, 
model exploration, and ability 
to interact with a teammate.  

Likert scale  

Easy – Hard  

O
ve

ra
ll 

pr
ef

er
en

ce
 

✔ The last part of Survey 2 asked 
about the overall preference  

Likert scale 

AR – no 
preference 
(mid) – Screen-
Based  

Figure 5 shows the two review environments’ physical 
spaces. The blue boundary represents the guardian set for 
all headsets. During pilot testing, system functionality 
was assessed, along with clarity and adequacy of the 
questionnaire and the experiment flow. The pilot was 
performed on the apparatus of the experiment and how the 
flow of the other experiment was maintained.  

Results and Discussion 
Questionnaire Results 
Sixty-two participants were involved in this experiment; 
16 groups followed Path A, while 15 groups followed 
Path B.   Consent was obtained from all experiment 
participants. Each group had two participants. The 
participants included 23 female and 39 male participants. 

Forty-seven (76%) participants have had an internship 
experience in the construction industry. Most participants 
(82%) had limited experience using Autodesk 
Navisworks®, having used the software once or twice. In 
addition, most participants (71%) have experienced 
AR/VR headsets before, but a majority only experienced 
them once or twice.  
Six questions were answered for both the SB and AR 
reviews to evaluate the user’s overall experience with the 
review. All responses slightly favor AR as a review 
environment for the overall experience (see Figure 6). 

Figure 5: Review Environments Physical Space (left is 
4DMAR and right is screen-based) 

Figure 6: Overall Experience Response, Screen-Based (SB) top 
bar vs Augmented Reality (AR) bottom bar 
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Only one result showed a majority preferring AR: 
question 4, in which most participants strongly felt they 
enjoyed the AR reviews.  
Three questions were used to rate the interactivity features 
in both environments. Similarly, the overall response 
slightly favors AR. Participants typically felt that it was 
relatively easy to interact with both environments. 
However, the questions were particular to the shared 
interaction features. See Figure 7 for a graphical 
representation of the Likert scale.  

Figure 7: Interaction Response, Screen-Based (SB) top bar vs 
Augmented Reality (AR) bottom bar 

Lastly, each participant answered four questions on their 
overall technology preference after using both 
environments (see Figure 8). This data is further analyzed 
in the next section, considering the experimental path. 
Participants indicated they would prefer AR to be used in 
their next review in Q10. They perceive AR as having 
more potential to be used in the future, as answered in 
Q11. Also, in Q12, they perceive AR as giving them a 
stronger sense of depth, spatial awareness, and realism. In 
the last question, which helps answer the collaboration 
question, 63% of participants felt AR is more suitable for 
collaborative reviews, 19% had no preference, and 18% 
preferred screen-based reviews. 

Observational Data 
While performing the experiments, observational data 
were collected using video recordings. In addition, videos 
were analyzed to study participants’ behavior using the 
two environments.  
The experiment's script outlined the goal of the 4D 
modeling reviews, but there was no emphasis on 
participants recording any flaws or opportunities in the 
construction plan. This was intended to reduce the 
pressure on participants in a new environment regarding 
finding flaws. However, the performance of finding flaws 
was similar in both environments. Participants did not 
discuss any opportunities for improving the construction 
plan in either environment. It was also noticed that some 
participants assumed that the model was relatively 
accurate, although the experiment aimed to have 
participants critically review it. This might be related to 
their limited industry experience, lack of 4D modeling 
reviews, or lack of clear tasks.  
Participants only identified flaws that were related to 
sequence activities. Only 13 of the 31 participating groups 
were able to identify sequencing flaws in the construction 
plan. These primarily focused on two sequencing issues 
that participants discussed, shown in Figure 9. The left (a) 
image shows a flaw in the sequence where two steel 
braces were installed ahead of the supporting members. 
The other flaw on the right (b) image shows the 
installation of the second floor before the start of the first-
floor grade-beam install. The first flaw was found most 
frequently. The number of instances when participants 
found these flaws was similar for both 4DMAR and the 
screen-based. Seven groups identified at least one 
sequencing issue using the SB review, while six identified 
sequencing issues in the 4DMAR. When participants 
found a flaw in the environment, they usually did not 
discuss it again in the second environment. Whether there 
is an advantage to using the 4DMAR or SB cannot be 
demonstrated, but both can be used to identify flaws. 
Participants found no missing object flaws or flaws 
related to the model's construction methods in both 
environments. This was documented using the notes taken 
during the experiment when the participants discussed a 
sequencing issue. The participant sample consisted 
mainly of students with limited professional experience in 
construction planning and 4D modeling practices. Most 

Q10 

Q11 

Q12 

Q13 

Q10: Next time, I will review the 4D model using: 
Q11:In your opinion, which environment has more potential for 

construction plan reviews in the future?  
Q12:Which environment provided a stronger sense of depth, spatial 

awareness, and overall realism for the models being presented?  
Q13:Which environment do you think is better suited for collaborative work 

and group activities?  
Figure 8: Preference Responses, Screen-Based (SB) vs. 

Augmented Reality (AR) 

a) Steel structure sequence. b) Installation of the
second-floor.

Figure 9: Sequencing Issues Found by Participants
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had only used 4D authoring tools like Navisworks once or 
twice before. This lack of deep domain expertise may 
have caused many to assume the provided 4D model was 
largely accurate. While the experiment instructions 
mentioned that 4D models can reveal construction flaws, 
participants were not explicitly tasked to identify flaws or 
sequencing errors. Moving forward, we plan to enhance 
the experiment design by instructing participants to 
document the observed 4D model flaws or sequencing 
issues as part of the review exercise.  
The 4DMAR has initiated different interactions compared 
to the screen-based. Figure 10 shows examples of the 
interaction methods unique to the 4DMAR, such as 
exploring the model's interior. 

a) Rotating the model sideways. b) Flipping the model upside
down. 

c) Going underneath the 
model. 

d) Going inside the model. 

Figure 10 Examples of the Interaction Methods 

The primary research question investigated in this study 
was: Can 4DMAR provide a suitable environment for 
reviewing 4D construction plans compared to screen-
based reviews? As indicated by the questionnaire results 
in Figure 8, 63% of participants felt AR was better suited 
for collaborative work and group activities compared to 
only 18% preferring the screen-based environment, while 
19% had no preference. While task performance in 
identifying construction plan flaws was similar across 
both environments, the overall user preference for AR's 
interactive and immersive qualities supports its potential 
as an engaging platform. By counterbalancing the 
experiment paths (A and B), an order effect on 
preferences was not detected based on the collected data. 
This suggests that familiarity with the AR system did not 
significantly sway participants' judgments after 
experiencing both visualization methods.  

Conclusions
Planning for construction sequencing is a complicated 
process that requires careful consideration. Visualizing 
the construction sequence is beneficial in determining 
possible challenges and opportunities in a construction 
plan, which heavily relies on the planners’ experience. 
Collaborative environments that support model 
interaction and improved or novel visualization have 
previously shown benefits to the review process. 
 Participants generally preferred the 4DMAR regarding 
collaboration activities in the review quasi-experiments. 
Participants felt comfortable and enjoyed using the AR 
headsets and felt they could communicate with their 
teammates. The effect on task performance and 
collaboration was evaluated using an immersive, multi-
user AR to review 4D construction models. Several 
objectives were achieved in this research. First, a multi-
user, collaborative, immersive solution using AR, named 
4DMAR, was developed for visualizing a 4D model. An 
assessment approach was designed and performed to 
evaluate the performance of the 4DMAR and show its 
potential to provide a collaborative environment. A 
comparative study was conducted to measure the 
performance of 4DMAR. 63% of participants felt AR was 
better suited for collaborative work and group activities 
than only 18% preferring the screen-based environment. 
By counterbalancing the experiment paths (A and B), an 
order effect on preferences was not detected based on the 
collected data.
While the results showed a user preference for AR for 
construction plan review, this has some limitations based 
on the participant pool and task definition. Future
research should examine this technology with industry 
professionals to critically assess the potential benefits
and challenges of adopting AR and address the limited 
industry experience of the participants to give a better 
judgment. Another key limitation identified was the low 
rate of participants detecting sequencing flaws in the 4D 
construction plan despite this being a primary use case. 
Incorporating explicit flaw identification tasks will be a 
critical focus for further developing the 4DMAR system. 
In addition, complex models that include different 
building systems should also be used to reflect more 
complicated challenges within extensive model reviews. 
Solutions such as performing more systems-selective
task reviews to enable more value-based approaches can 
be explored. However, with the current limited 
computational power of AR headsets, it is very difficult
to visualize large building information models without 
optimizing the meshes or using other proximity
solutions.
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Abstract
The modern day construction site is able to complete com-
plex tasks using highly skilled on-site workers and robust
machinery. On-site workers face severe physical injuries
from unforeseen accidents due to construction site dynam-
ics. This project proposes and implements a mixed reality
human robot interaction system, utilizing stereo vision sys-
tems and hand tracking algorithms, to teleoperate a robot
arm within a simulation. Results demonstrate enhanced
depth and situational awareness in the robot workspace
versus traditional teleoperation. This research allows op-
erators to safely perform complex construction tasks re-
motely with a robot arm using a head-mounted display.

Introduction
The modern day construction site completes large-scale
tasks by training on-site workers and utilizing heavy-duty
machinery. However, success is not achieved with effi-
ciency or safety as amajor priority since construction work
is prone to surpassing timelines and facing potential delays
due to low productivity rates Davila Delgado et al. (2019).
On-site workers are often subject to serious health con-
sequences, that are frequently overlooked. Some of these
hazards include exposure to high concentrations of partic-
ulate matter, workers colliding with heavy machinery, and
falls off unsecured high altitude sites Yang et al. (2023);
Castro-Lacouture (2009).
Various industries continue to adopt automation tech-
niques, leveraging robotics solutions, to improve task ef-
ficiency, productivity, and product quality. For instance,
the manufacturing industry utilizes robotics to automate
assembly lines, with the advent of performing repetitive,
hazardous, and time-constrained tasks with ease, to pro-
duce high volumes of products. Not only are robotics so-
lutions very efficient, but are also highly competent with
precision-seeking tasks as made evident by their applica-
tions within the medical field. The healthcare industry
deploys robots to perform surgical procedures with the
advent of providing minimally invasive procedures and
higher precision than human surgeons. The advantages
of uninterrupted work is highlighted by the application of
robotics in agriculture where tasks including planting, har-
vesting, and monitoring crops are automated and carried
out by multiple robots Campilho and Silva (2023). Huang
and Sakurai (1990) concluded that the implementation of
factory automation (FA) for well-established automotive
companies, including Mitsubishi, Nissan, and Mazda, dis-

played a noticeable reduction in labor costs, an increase in
vehicle quality, and increased flexibility for adapting tasks.
An extensive study performed on the implications of intro-
ducing industrial robots into manufacturing firms showed
increased worker safety; specifically, 1 standard deviation
of an increase in robots resulted in a 4% reduction in phys-
ical job intensity and a 5% reduction in job worker disabil-
ities Gihleb et al. (2022).
With the clear benefits that automation and robotics pro-
vide, many attempts have been made to integrate this tech-
nology into the construction industry. A study demon-
strated the successful implementation of robots into per-
forming construction tasks require the adaptation of robots
to the unpredictable and dynamic nature of construction
sites. This has been achieved in modern robotics in two
ways: (1) pre-programming robots to handle many dif-
ferent scenarios and rigorously testing them prior to de-
ployment and (2) by training robots, using sophisticated
real-world datasets and machine learning techniques, for
on-site applications. The fast-paced and dynamic con-
struction environment prevents either of these require-
ments from being met; pre-programmed robots are not
able to handle unforeseen tasks or changing tasks and qual-
ity training data for construction applications are limited
Zhang et al. (2023). Mukherjee et al. (2022) suggests a
more intuitive method to deploy robotics into the construc-
tion sector is to create a human-robot collaboration (HRC)
system that integrates the on-site worker’s experience with
the advantages of autonomous robots, to increase task pro-
ductivity and reduce labor shortage. Advent of such as sys-
tem alleviates the need for dynamic robot programming
and multiple task execution.
In order to perform any intricate task, a complex manipu-
lator is required. Robot arms are used to interact with and
manipulate objects within an environment via various tele-
operation methods. Teleoperated robots are specially use-
ful where the robot’s physical target workspace is challeng-
ing or impossible to access. Themost commonly used con-
trol interfaces for these instances are keyboards, joysticks,
and portable touch screen devices. However, these tradi-
tional modes of teleoperation are ineffective as the control
interfaces are not intuitive. One of the emerging solutions
for this problem is the use of mixed reality technologies
which facilitate full immersion into the robot’s workspace,
creating a more natural human-robot interaction (HRI) in-
terface Meng et al. (2023); Wonsick and Padir (2020a).
Mixed reality (MR) is a combination of augmented real-

1015



ity (AR) and virtual reality (VR) technologies. MR com-
bines the real and virtual worlds to construct a hybrid en-
vironment where interactable 3D virtual models exist Alo-
qaily et al. (2023). The advent that mixed-reality HRI in-
terfaces provides over traditional teloperational methods is
the ability to view and interact with robots in 3D environ-
ments Wonsick and Padir (2020a). The ability to view in
3D is due to the emergent properties of 3D cameras and
immersive head-mounted displays (HMDs). Compared to
2D video-based visualization, 3D real-time visualization
coupled with HMDs has shown to improve localization,
maneuverability, and control in robotics applicationsWon-
sick and Padir (2020b).
In this paper, we introduce a novel HRI interface that lever-
ages MR technology, state-of-art hand tracking methods,
coupled with stereo vision systems to teleoperate a 4-DoF
robot arm in an immersive first-person view (FPV) using
a Meta Quest 2 HMD. By providing a mode to operate
a robot arm using hand gestures from a safe distance to
the manipulator, on-site construction workers can perform
complex tasks, utilizing their experience, while taking ad-
vantage of the strength, precision, and deployabality of
robots.

Related Works
Much research and development has accumulated over the
past few years specifically on leveraging AR, VR, and
MR technologies to effectively improve human-robot in-
teraction and collaboration. Puljiz et al. (2019) proposes
and implements an HRI interface to teleoperate an indus-
trial grade robot arm utilizing the Microsoft HoloLens AR
HMD. The approach presented utilizes the built-in spatial
mapping of the HoloLens to identify the target robot arm,
and its end effector. This is achieved by storing a pre-
viously known model of the robot arm and matching the
known model with the detected mesh of the spatial map-
ping output. The known mesh and the HMD is localized
with the detected robot arm, of the physical space, and
hand detection techniques are used to translate the end ef-
fector. This interface enables the teleportation of a robot
arm without the need for physical interaction with the ma-
nipulator.
Yim et al. (2022) emphasized the importance of full im-
mersion into the robot workspace through means of stereo
vision. They implement a method to teleoperate a 6-DoF
robot arm by fix mounting an Intel RealSense stereo cam-
era to the platform the robot arm is fixated on, with a view
facing down and towards the end effector. The stereo im-
ages are streamed to a Meta Quest 2 VR HMD to replicate
human vision. Hand held controllers are localized with the
robot arm to manipulate its end effector. This HRI inter-
face enables a robot to be controlled from a safe distance
with human-like perception.
Chang et al. (2023) tackles on the ongoing challenge of
effective robot workspace visualization and perception by
their design of a 2D/3Dmulti-view teleoperated robot arm.
Specifically, they have devised an approach to view a

robot’s workspace via an FPV real-time 3D point cloud
(PCD) model, from a stereo vision camera mounted to the
end effector of the manipulator, and a 2D view from a
global RGB camera. This effectively enabled for the vi-
sualization of the direct workspace, via the PCD, as well
as the global workspace, via the RGB camera. The devel-
oped MR interface enabled the user to switch between the
two visual systems in their HMD, using a handheld con-
troller, providing a comfortable teleoperation process.
Many other similar approaches have been proposed and
implemented showcasing positive results towards achiev-
ing a natural HRI interface. Though, these HRI systems
do not come without their own setbacks. With the imple-
mentation of the HoloLens AR approach by Puljiz et al.
(2019), though the interface provides robot arm teleopera-
tion without required physical interaction with the manip-
ulator, it is constrained by the requirement of a physical
operator needing to be present near the robot’s workspace.
This limits the control bandwidth as the operator needs to
have a direct line-of-sight of the robot arm for teleoper-
ation. In the case of the immersive stereo vision teleop-
erated robot arm developed by Yim et al. (2022), many
safety issues arise when the user’s view is obstructed by
the robot arm itself or other objects, within the robot’s
workspace, due to the vision system being fixed mounted.
Chang et al. (2023) is on the right track with their multi-
view MR HRI interface, however, the cognition load re-
quired for the operator increases when frequently needing
to switch between a 3D view and a fixed 2D view; the op-
erator will need significant training to be comfortable lo-
calizing their coordinate system with the robot arm’s coor-
dinate frames, in the two views. Many lessons were taken
away from all aforementioned approaches and has aided
the development of the HRI interface discussed in this pa-
per.

Methodology
Approach
The design of the HRI system that is being developed re-
volves around creating an immersive, hands-free, and safe
interface to teleoperate a robot arm towards performing
construction tasks. There are 4 main categories that are
required to achieve this interface; (1) stereo vision system
to replicate human-like perception; (2) immersive wear-
able technology to construct an immersive MR interface;
(3) real-time hand-tracking algorithms for intuitive teleop-
eration; (4) tracking systems to provide real-time operator
situational awareness.
The stereo vision system used for this project is the ZED
Mini (ZEDM) stereo camera, developed by StereoLabs.
Stereo vision is a visualization system that enables 3D
point extraction of an environment, through images ob-
tained via two cameras separated by a fixed distance. The
general concept is founded on the basis of finding the dis-
parity between the two images to extract the missing depth
information, through means of geometry DANDIL and
ÇEVİK (2019). The ZEDM camera replicates the human-
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eyes, enabling real-time depth perception, with extreme
accuracy. The approach is to mount the ZEDM camera on
top of the end effector of the 4-DoF (degrees of freedom)
robot arm. The left and right videos will be streamed, in
real-time, to the left and right displays of the Meta Quest
2 VR HMD. This enables the operator, wearing the HMD,
to perceive the robot’s point-of-view (POV) with human-
like vision. Open source libraries utilize the 4 on-board
cameras of the HMD, used for spatial mapping, to track
the user’s hands in real-time. The tracked hand models
are superimposed to the FPV stereo view on the HMD.
To provide full situational awareness, the ZEDM cam-
era is mounted on a servo actuated two-axis gimbal that
tracks the orientation of the HMD, in real-time. As the
operator wearing the HMD looks around, the servo mo-
tors are actuated to map the HMDs look angles with the
ZEDM camera. This will provide a natural one-to-one
orientation system enabling full situational awareness of
the robot’s workspace. The ZEDM vision system has a
noteworthy advantage of facilitating pass-through reality,
allowing seamless integration of 3D virtual models into
the real-time stereo images. This is a fundamental require-
ment for this HRI system since the robot arm will be con-
trolled via an MR control sphere; in the FPV view of the
HMD, a translucent spherical virtual object will be fixated
onto the visualized end effector, using pass through real-
ity. The operator will be able to place their hands into this
tracking sphere towards the desired direction for the robot
to move towards. Hand gestures, such as pinching and re-
leasing two fingers together, will be detected to provide
gripper controls.
This paper covers the development of the proposed archi-
tecture, in a simulated environment, and preliminary re-
sults from experiments conducted, comparing traditional
teleoperation methods with the developed MR HRI inter-
face, when performing simple tasks.

Simulation Environment Setup
The simulation environment chosen for this project was
Unity Game Engine. Unity is a cross-platform game de-
velopment engine that enables developers to build video
games, simulations, and mixed reality applications, by
utilizing 3D objects and scripting via the C# objected-
oriented programming language Haas (2014). Unity was
the ideal candidate for this simulation as it provides open-
source libraries for AR, VR, and MR development. It is
also built on the capable NVIDIA PhysX 3.4 physics en-
gine, providing the ability to run real-time physics simula-
tions.
The first step in designing a real-time simulated robot arm
was selecting a 3D model that represented a real-world
industrial grade robot arm, namely the manipulators de-
veloped by KUKA. The model used for this simulation
was retrieved from the open-source 3D modelling web-
site Sketchfab, by a developer named Yuki. The 3D model
features a 4-DoF robot arm, in FBX format. In the Unity
environment, the design underwent many modifications to

organize the multi-component model into a structured hi-
erarchical set of objects, where each rotating joint, con-
necting each of the links together, were aligned relative to a
global coordinate system. To actuate the robot arm during
run-time, a joint-space controller was scripted, enabling
each joint to rotate to an input angle with a constant angu-
lar velocity. Although joint-space control for robot arm’s
are used in real-world scenarios, it is not representative of
how robot arm’s are often operated majority of the time.
Rather, a target position vector, a 3D coordinate in space,
is provided to the manipulator. The system then computes
a set of ideal joint angles to achieve the desired end ef-
fector position. In robotics, this mathematical process is
referred to as inverse kinematics, a key-part of robot trajec-
tory planning. One of the challenges with inverse kinemat-
ics is for a given target end effector position, there may be
infinite many solutions, leading to computation efficiency
problems. Many open-source inverse kinematic solver li-
braries exist such as Ikpy library. Ikpy is a Python library
that performs inverse kinematic solutions efficiently, given
a kinematic chain, as a Unified Robotics Description For-
mat (URDF) file, and a target position and orientation. A
URDF file is a low level description file, written in the
Extensible Markup Language (XML), which describes the
geometry, mobility, and their corresponding relationships,
of a robot. Utilizing the Unity 3D model, a URDF file
was developed for the robot arm. To connect the Python
inverse kinematic scripts to the Unity simulation environ-
ment, a Transmission Control Protocol/Internet Protocol
(TCP/IP) server-client system was designed. TCP/IP is a
data link protocol that enables the transmission & recep-
tion of messages, between devices, over an internet con-
nection. A three-way handshake connection, between two
devices, enables the host server to send packets of informa-
tion to the client, where the client transmits amessage back
to the server, confirming data reception. TCPs error han-
dling capability ensures reliable point-to-point communi-
cation, without data loss. Python TCP server scripts, inte-
grating the inverse kinematic solvers, and the correspond-
ing C# client scripts, were developed to establish a connec-
tion between the computing server and the simulation en-
vironment client. This simulation architecture is summa-
rized in Figure 1 inwhich the 3D coordinates of a target ob-
ject, in the Unity environment, is transmitted to the server
which returns a set of joint angles to achieve the desired
target position. The result is a 4-DoF robot arm that tracks
and follows a target sphere object, in real-time. To further
actualize the simulation, a prismatic gripper tool was de-
signed, using the CAD modelling software Autodesk Fu-
sion 360, and subsequently affixed to the end effector joint
of the manipulator. To devise experiments relating to con-
struction work, as discussed in later sections, 3D models
of pallets and bricks were placed into the virtual environ-
ment. This simulated environment, ascribed in Figure 2,
is an ideal representation of the physical robot arm, and its
implementation, that is underway at the time of writing.
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Figure 1: Real-time 4-DoF robot arm inverse kinematic simulation workflow diagram.

Figure 2: Simulated virtual environment with key labels.

Traditional Teleportation Interface
Prior to developing the proposed MR HRI interface, tradi-
tional modes of robot teleoperation were simulated. One
of the common modes a robot arm is controlled via key-
board inputs. The developed control algorithm enables the
robot’s end effector to translate along the horizontal and
vertical, while the gripper can be manipulated via two sep-
arate keys, as documented on Table 1. The underlying con-
trol algorithm takes the input from the keys and translates
the manipulator’s end effector target vector, in 3D space,
by at a constant rate. This effectively provides real-time
end effector control via keyboard inputs. Teleportation is
commonly coupled with visual input systems to provide
a real-time view of the robot’s workspace, when it is op-
erating at an inaccessible setting. In the real-world, this
is often done by fix mounting an RGB camera that has a
direct line-of-sight to the robot’s workspace. A monocu-
lar (single-lens) camera was integrated into the virtual en-
vironment, presented in Figure 3, to provide the operator
with a view of the robot arm’s workspace for teleopera-
tion via keyboard inputs. This achieves a simulation of

a traditional teleoperation method which will be used for
comparison with the MR HRI interface.

Table 1: End effector keyboard control inputs.

Horizontal Vertical Gripper

I, J, K, L O, P Q, E

Figure 3: Monocular camera system: (a) Camera rig setup
within the virtual environment; (b) Real-time view from the

operator’s computer screen during run-time.

Mixed Reality Teleoperation Interface
The first sub-component of developing the proposed MR
HRI interface was to simulate a real-time FPV stereo view
from the robot arm’s end effector, utilizing the Meta Quest
2 VR HMD. The ZEDM stereo camera, by StereoLabs, is
able to provide human-like perception. This stereo camera
systemwas integrated into the simulation by hierarchically
attaching a 3D model of the camera to a CAD modelled,
and maneuverable, servo actuated two-axis gimbal, shown
in Figure 4. The objective of this system is to receive real-
time orientation data, of the HMD, and map its rotations
about the simulated servos y-z axis. This enables real-time
head tracking of the operator, presented in Figure 5. Nat-
ural head-tracking is of significance as MR wearable tech-
nology is prone to creating discomfort for operators. This
occurs when the physical movements of the operator do
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not align with their sensory input systems (vision, sound,
touch). As a result, constructing a one-to-one human-like
vision system was a key priority.

Figure 4: Simulated head tracking 2-axis gimbal system for
ZEDM camera.

Figure 5: HMD head tracking system during run-time: (ai)
operator turning their head towards the right, rotating about the
z-axis by angle θz ; (aii) 2-axis gimbal rotating the z-axis servo

by corresponding angle; (bi) operator turning their head
upwards, rotating about the y-axis by angle θy; (bii) 2-axis
gimbal rotating the y-axis servo by corresponding angle.

The second sub-component was the integration of real-
time hand tracking and gesture detection. The objec-
tive here was to provide a mode to manipulate the robot
arm using nothing more than the operator’s hands, which
was achieved utilizing the open-source Oculus Integration
package. This is a well-developed library, by Oculus, that
provides many features for the HMD including access to
IMU data, hand tracking, and spatial mapping. The hand
tracking functions by utilizing the 4 onboard multi-camera

system of the HMD. Utilizing this library, a VR rig was
setup in the virtual environment, with the integrated hand
models, to render the tracked hand data in real-time. To
perform gesture detection, such as pinch recognition, al-
gorithms were written to measure the relative separation
of individual joints in 3D space. Figure 6 diagrammati-
cally shows the real-time hand tracking and how simple
gestures are detected.

Figure 6: (ai, aii, bi, bii) demonstrates the implemented
real-time hand tracking system with the Meta Quest 2 HMD. (ci,
cii) demonstrates the pinch gesture being detected by measuring

the separation between two joints.

To manipulate the end effector, the tracked hand models
were fused with the stereo camera vision system. The
result is a full situational aware FPV of the robot arm’s
end effector with the users tracked hand models. To move
the robot arm using the hand tracking system, a Control
Sphere was designed. The Control Sphere consists of
two 3D virtual models of translucent spheres, one with a
smaller radius than the other, anchored at the center of the
larger sphere, spatially mapped onto the robot arm’s end
effector. The outer sphere, with radius R2, is the Move-
ment Sphere, and the inner sphere, with radius R1, is the
Gesture Sphere, described in Figure 7. When a tracked
hand model is inside the Movement Sphere but outside
the Gesture Sphere, a vector, from the 3D position of the
hand model to the Control Sphere center, is computed and
normalized. The resulting unit vector is indicative of the
direction the operator desires to move end effector. The
robot arm’s target tracking algorithm is updated by tak-
ing the sum of the current target position with the product
of the unit vector and a constant multiplier. The result is
the end effector moving in the vector direction, relative to
the center of the Control Sphere, as input by the opera-
tor’s tracked hand models, providing omnidirectional con-
trol. When the tracked hand models are within the Gesture
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Sphere, the tracking target’s movement speed is set to zero,
effectively pausing motion control. Users are then able to
input hand gestures within this sphere, such as pinching
the thumb and index fingers together, to close the gripper
and releasing these fingers to open the gripper. Equation 1
computes the relative position vector between the tracked
handmodel to the center of the Control Sphere while equa-
tion 2 normalizes the position vector. In equation 3, the
variable ∆t corresponds to the elapsed time between the
current and previous frame in the simulation while C is a
constant multiple to set the movement speed of the manip-
ulator. The updated target tracking position, T⃗t+1, is com-
puted, taking into account its current position T⃗t. Figure
8 shows the described mixed reality HRI system, at simu-
lation run-time, for moving the manipulator and grabbing
objects, using the hand tracking system.

Figure 7: Diagram of the Control Sphere structure used to
control the robot arm.

r⃗SH = r⃗H − r⃗S =

xH − xS
yH − yS
zH − zS

 (1)

ˆrSH =
r⃗SH
|r⃗SH|

=
< xH − xS,yH − yS,zH − zS >√

(xH − xS)2 +(yH − yS)2 +(zH − zS)2

(2)

T⃗t+1 = T⃗t +C∆t × ˆrSH =

xt +C∆t × ˆrSHx

yt +C∆t × ˆrSHy

zt +C∆t × ˆrSHz

 (3)

Experiment Setup
An experiment was devised to compare the implemented
MR HRI system to the traditional monocular fixed-view
keyboard teleoperation method. The goal of the experi-
ment was to observe trends relating to depth awareness,
overall situational awareness, and task completion effi-
ciency. The experiment consisted of driving the robot arm,

Figure 8: The robot arm being teleoperated by the MR HRI
system using hand tracking for motion control and gesture

recognition to control the gripper. Left: hand tracking input,
right: robot’s response.

from its starting position, to a brick, that is placed on a
pallet, with the goal of moving to the position where the
brick would be in between the gripper, as shown in Figure
9. To collect data during run-time, C# scripts were writ-
ten to store the coordinates of the end effector, along with
the elapsed time, between iterations. Each teleoperation
method was executed by the same operator 5 times. The
raw flight path data will be indicative of depth perception
and situational awareness of the operator while the time
to minimize the distance to the target will be indicative of
efficiency.

Figure 9: Experiment Setup

Results
The trajectories of the robot arm’s end effector for each
of the 5 runs of the monocular fixed-view keyboard tele-
operation is shown in Figure 11a). The trajectories of the
robot arm’s end effector for each of the 5 runs of the MR
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HRI teleoperation is shown in Figure 11b). A side-by-
side comparison of both teleoperation modes, for each run,
is shown in Figure 11c). Inspection of the trajectories of
the monocular fixed-view keyboard teleoperation method
demonstrates irregular flight paths on each of the runs. The
flight path trends show two distinct patterns: simultane-
ously moving forward and laterally towards the target fol-
lowed by an immediate singular lateral movement. The
inability to maintain a smooth trajectory indicates a lack
of depth perception of the robot’s workspace. Inspection
of the trajectories of the MR HRI teleoperation method
demonstrates consistent and smooth flight paths on each
of the runs. Each of the trajectories has the properties of a
direct vector, from the starting pose to the goal pose. This
suggests that there is a high level depth-awareness and sit-
uational awareness of the robot’s workspace. The side-by-
side view of both teleoperation methods demonstrates this
difference in operator awareness.
The time to complete the task for each teleoperation
method and runs are shown in Figure 10a). The number
of iterations in the simulation each teleoperation method
took to complete the task for each of the runs is shown
in Figure 10b). Upon initial inspection, both teleopera-
tion methods are observed to complete the task, per run,
approximately around the same duration of time. The re-
sults show the traditional monocular fixed-view keyboard
teleoperation method completes the task quicker, in some
runs, than the MR HRI method. This is contradictory to
the trajectory results as theMRHRI method moves in a di-
rect path to the goal pose while the traditional method has
an indirect path. Furthermore, for both teleoperationmeth-
ods and all simulation runs, the robot arm was set to move
at the same constant velocity. Inspection of the number
of iterations for each of the runs shows that the MR HRI
system completes the task in approximately 2.5x fewer it-
erations than the traditional teleoperation method. There-
fore, the longer task completion duration for the MR HRI
method is hypothesized to be due to its higher computa-
tional demand compared to the simplistic keyboard tele-
operation method. The MR HRI simulation takes longer
to execute a single iteration, or a lower frame rate, result-
ing in a longer simulation run-time. However, it is evident
that the MR HRI system is able to minimize the same dis-
tance to the target as the keyboard teleoperation method
with fewer iterations. To truly understand the relationship
between task completion time and the two teleoperation
methods, a real-world implementation is required.

Conclusion and Future Work
We proposed and implemented a mixed reality human
robot interaction system for a 4-DoF robot arm. The re-
sults of the our architecture demonstrate a higher operator
depth perception and situational awareness of the robot’s
workspace compared with a traditional monocular fixed-
view keyboard teleoperation method. Supported by stereo
vision systems, a head mounted display, and hand track-
ing algorithms, the operator is able to manipulate the robot

Figure 10: (a) Distance to target vs simulation run-time data
and (b) Distance to target vs number of simulation iterations to

complete task data.

arm’s end effector safely and efficiently to perform simple
construction tasks, such as picking up bricks in a simula-
tion environment. The modularity and mechanics of the
MR HRI system will enable the control of various real-
world robot arms, rather than a select few. The system alle-
viates the need for on-site construction workers, greatly re-
ducing accidents and serious injuries in construction sites.
Rather, the system enables operators to utilize their knowl-
edge and expertise from a safe distance, performing intri-
cate tasks while simply wearing anHMD. Future workwill
require the extension of the MR HRI system to a physi-
cal robot arm. At the time of writing, a successful im-
plementation of real-time hand tracking with the real-time
stereo vision of the physical ZEDM camera has been com-
pleted. Next steps will include the development of a two-
axis gimbal, to mount the vision system, to demonstrate
HMD tracking. Additionally, control algorithms to inter-
face between a physical 4-DoF robot arm and the MR HRI
system will be developed. A test with a physical robot arm
will provide important data on task completion efficiency,
operator training, and robot control accuracy.
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Figure 11: Trajectory data of the robot arm’s end effector for multiple runs. (a): monocular fixed-view keyboard teleoperation, (b):
mixed reality teleoperation, (c): both teleoperation methods.
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Abstract
The release of ever more capable wearable display and
interaction devices, like Apple’s Vision Pro or the Meta
Quest line of products, and the continuous change in the
mobility of engineering work, enables new means of inter-
actionwith Computer AidedDesign (CAD) software. This
includes new input modalities that go beyond traditional
mouse and keyboard interfaces. In this paper, we want to
analyse these new input devices in the context of 3D CAD
modelling tasks, and compare them to more conventional
interfaces to see in which scenarios they may be most pro-
ductive and where challenges lie on the way ahead.

Introduction
Computer Aided Design (CAD) was one of the initial in-
novation drivers behind the development of novel human-
computer-interfaces like the mouse from Engelbart et al.
(1965) or the stylus (light pen) by Sutherland (1964).
Since then, the combination of mouse and keyboard estab-
lished itself as the common way to model objects in CAD
software. It allows designers and engineers to select ob-
jects, draw shapes and input numbers and text data quickly
and with minimal movement affecting fatigue. However,
Engelbart et al. (1965) never intended it to be used in 3D.
Any modelling task that requires 3D inputs relies on either
special key-combinations to add 3D translations and rota-
tions, or on dedicated 3D-input devices, like 3D-mouses or
trackballs, which add additional axes of inputs. Sans such
devices, the 2D mouse is still the most common input de-
vice, simply because of its ease-of-use and due to the fact
that most displays are still 2D.
This situation is shifting nowadays, with modern immer-
sive display hardware, like VR (Virtual Reality), AR (Aug-
mented Reality) or MR (Mixed Reality) headsets or high-
quality stereoscopic 3D screens being more commonly
available. Here, the models are actually shown in 3D space
and mouse inputs quickly fail to compensate the missing
third dimension. New specialized input devices become
a necessity. Similar issues are observable with portable
touch devices. Tablets and phones initially just emulated
the mouse and keyboard and provided mouse-like touch
inputs and virtual keyboards. However, most of the effi-
ciency of these input methods vanished in practise. Spe-
cific multi-touch input gestures and swift keyboards devel-
oped, which proved more appropriate for most modelling
tasks. But none of the finger-based touch interaction con-
cepts have become established in CAD, primarily due to
their inherent precision issues (Benko and Wigdor, 2010).

AR and VR systems on the other hand are recently expe-
riencing a move away from physical controllers and to-
wards fully hand-based interactions. These hand track-
ing systems are either used to simulate a full hand within
the virtual space, in which the physicalized live shape of
the hand is pressing buttons and touching elements (Meta
Quest), or they recognize specific hand gestures and trans-
late these into space, for example by combination with eye
gaze (Apple Vision Pro, Microsoft HoloLens). While se-
lection tasks and other simple interactions can be effec-
tively represented, inputs that require high precision can be
an issue. Additionally, the more specific interaction tech-
niques are, the more difficult it is to achieve broad support
for them in 3D CAD software.
Nevertheless, 3D headsets and touch devices have huge
potential to enable new approaches to immersive design,
where people in different physical locations can collabo-
rate on a virtual model, and make changes by interacting
with virtual objects through the same direct means they
would use with physical models. How intuitive would it
be if we could move weight bearing pillars in CAD as sim-
ply as furniture in the real world, in the process getting a
feeling for the weight, the pressure, the sound absorption,
and the touch of the material, and then still have the capa-
bility to position it down to millimeter precision?
To achieve this, we need to first solve the precision prob-
lem. Only once these novel interaction techniques can re-
liably achieve the same, or better, results than traditional
interfaces will we see broad adoption in professional CAD
software. For this, we have to learn from the dominant
paradigms of mouse and keyboard and touch and stylus
interfaces, which crucially are bi-manual combinations of
two input modes that seems to net appropriate levels of
precision. In the following sections, we want to answer
the question of why that is, and how we can emulate this
for arbitrary use cases involving any type of display and
interaction device. To achieve this, we do the following:

• We discuss related literature from engineering design
and Human-Computer Interaction (HCI)

• We define what common types of inputs and input
devices exist and what their important attributes are

• We evaluate these types and devices according to sev-
eral input metrics

• We apply these insights to three 3D CAD use cases

• We describe possible avenues of research that could
lead to better CAD input systems
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State of the Art
The question of which 3D input devices are useful for
modelling tasks predates the advent of current generation
AR and VR. For example, Fiorentino et al. (2010) states
that “while planar features modelling performs well with
mouse and keyboard, Direct Modelling benefits from bi-
manual interaction, six degrees of freedom input (6DOF)
and 3D snapping.” They also already distinguish between
use cases, where a VR system for conceptual design has
different input requirements than mechanical CAD mod-
elling on a 2D screen. For the latter task, they consider
the effectiveness of different 6DOF haptic input devices
for 3D rotations, and which input methods are most effec-
tive for them. In this case, devices are distinguished by
aspects like the shape of their transfer function from de-
vice to display or how the device responds to muscle force
being applied to it.
The literature also features many other input-system spe-
cific measures of accuracy. There are attempts to improve
typing speed on keyboards (Jiang et al., 2020), studies
about the ideal way to implement pointing tasks with VR
controllers (Allgaier et al., 2022), accuracy of gaze-tracked
inputs (Schuetz and Fiehler, 2022), and much more. Most
of these papers focus on individual tasks. Overviews of
how these systems fare over all task in multi-input device
for multiple purposes are much rarer.
More direct quality metrics used in HCI research are
the concepts of resolution and throughput (Bérard et al.,
2011). Resolution describes the smallest displacement that
an input device can measure, while throughput describes
the average rate of information generated by a series of
movements (Fitts, 1954).
In addition to these often well-researched common input
devices, various dedicated experimental interfaces exist in
the literature. Lemberski and Hemmerling (2010) turned
an audio mixing device into a dedicated CAD controller,
in which 10 faders control 10 parameters in the CADmod-
elling process. The advantage of a physical interface like a
fader, is that their physical position reflects their absolute
value. Sharma et al. (2011) created a multimodal system
in which touch-based menu controls are replaced by voice
commands, and the modelling is done with touch inputs.
Specifically, this is about using voice and touch in the early
design stages, when exact values are not necessarily that
important. Research like this highlights that we may have
been trained to think that precision is important above all,
as the interfaces we currently use do not distinguish be-
tween early stage and late stage modelling precision. If all
a keyboard can offer is precise numerical inputs, then pre-
cise numerical inputs is how we will approach modelling.
Sharma et al. (2011) write that “it is commonly observed
that designers prefer pen and paper for early stages of de-
sign”, which is most likely the case for this exact reason.

Parameters of CAD Input
While the literature features many precise quantitative
measurements of precision and throughput, we want to

propose broader, qualitative categories like: Can this de-
vice be used in the field? Are precise inputs even pos-
sible? Does using this device for prolonged periods get
tiring? For this, we first need to establish a more system-
atic understanding of CAD inputs that stay relevant across
many classes of interaction devices. This will aid us in es-
tablishing quality metrics that can be used as the basis for
creating CAD interaction systems for arbitrary use cases
and display setups.

Classification of Input Tasks
Fiorentino et al. (2010) “consider CAD modelling as a se-
quence of picking and navigation (rotation) actions”. More
generally, they define four basic classes of CAD input
tasks: navigation and travel, selection, manipulation and
system control. We will base our analysis on this catego-
rization, but will differentiate between spatial manipula-
tions and numerical manipulations. Spatial manipulations
involve the placement of points, drawing and alteration of
lines and surfaces by direct spatial input. Numeric manip-
ulations involve the input of numbers in relation to some
part of the CAD model, for example by constraining the
length of a wall to a specific precise length. Both of these
interactions can have different levels or precision, depend-
ing on input devices. A mechanical slider like found on
MIDI boards could potentially offer very precise inputs,
compared to a completely virtual touch slider, as there is
an inherent amount of smoothing and inferencewhen drag-
ging a finger over a touch surface.
Figure 1 shows the input tasks with their associated set of
common operations. The input types are arranged in two
classes—those that have a direct reference to the model
being designed, and those that are used to put the software
context into the proper camera position and program state
to enable the next direct modelling steps.
Each task can be resolved in different way, depending on
the input devices. Specifically, we will distinguish three
classifications of input devices, which we will discuss in
relation to selection, spatial manipulation and numericma-
nipulation tasks respectively.

Spatial Reference
Selection tasks happen at different resolutions, from
object-level to the level of individual points on a geom-
etry. The aspect that distinguishes them from each other
more than anything however, is whether we select points

CAD-Input

Modelling Context

Spatial
Manipulation

Numeric
Manipulation Navigation System Control

Position
Rotation
Scaling

Distances
Angles

Parametric Input

Menu Select
Text Input

Snapping on/off

Camera Position
Camera Rotation

Zoom

Selection

Geometry
Object

Multiple

Figure 1: Hierarchical classification of CAD input tasks.
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based on some projection to 2D (e. g. mouse with track-
ball), or whether the device can immediately reference 3D
points independent of a display surface. Fig. 2 highlights
this difference.

Projected Direct
Figure 2: Green shows where the display is, red shows the
interaction device, black denotes the object being selected.

Input Reference
Similar to selections, the way an input device does spatial
manipulations will be most impacted by whether the de-
vice is creating a sensation of immediately interacting with
the manipulated object, through a touch screen or in a mid-
air 3D projection, or whether devicemovements happen on
an unrelated surface or space and are somehow translated
into the model. Figure 3 shows this distinction between
translated and immediate inputs.

Translated Immediate
Figure 3: The green boxes represent a display device, the black

box a separate zone of interaction. Red highlights the point
where the input physically takes place.

Input Progression
Numeric inputs are distinguished by the basic fact of
whether we are inputting the numerical value explicitly as
a series of digits (usually to a high degree of accuracy),
or whether we are providing a way to move as close as
possible to it. The advantage of exact inputs is that the
user can quickly set a-priori known values quickly—the
disadvantage are case where the value is not known, like
alignment cases. A system that allows for a continuous ap-
proach towards a value allows us to experiment with place-
ments and sizes in a way that exact measurements do not.
Though most relevant to numeric inputs, the capability to
input numbers can have an impact on every kind of inter-
action, for example to select the scale at which a specific
spatial operation should be resolved. Figure 4 highlights
the process of these inputs over an imagined number line.
Input Devices
The main reference device for our analysis is the tradi-
tional combination of mouse and keyboard. The mouse
usually acts as a combined selection (“Take that...”) and
spatial manipulation input (“...and put it there...”) with
reasonable accuracy, often supported by acceleration fea-
tures. Meanwhile, the keyboard is used for numerical ma-

> xx.yy

Explicit Continuous
Figure 4: Numeric inputs are often collected by linear interfaces

(e.g. slider). A device either moves from one side to the other
(red line), or snaps to specific value on the line (red arrow)

nipulation (“...there being defined as exactly...”), but, often
also provides alternative selection and manipulation key
combinations. Individually and in tandem they also pro-
vide easy navigation and system control inputs. As stated
in the introduction, this does not translate efficiently to 3D
displays. This lack of good input devices is one of the main
reasons, why we do not design in 3D¹. Regardless of any
other considerations, any alternative input system must be
able to offer at least a degree of precision and throughput
that gets reasonably close to what a mouse and keyboard
can achieve. What is “reasonable” depends on the specific
use case, as will be discussed later on in the paper.
The class of touch devices is one potential alternative in-
terface technology. Here we use a pointing device (e. g.
a stylus or our fingers) often on a surface (e. g. screen,
touchpad, tablets) with different gestures (e. g. tap, one-
finger slide vs. two-finger drag) to realize various inputs.
The most useful distinction for our purpose here is sim-
ple touch vs. multi-touch with the finger modality, and
then specific touch devices like a stylus, which can also
be combined, like shown in Pfeuffer et al. (2021). The
benefit of those inputs is that they are very intuitive and
easy to learn. Traditionally those interfaces were 2D, but,
nowadays are sometimes translated into the 3D world by
devices like the 3D-stylus by Jackson (2020). Sometimes,
a 2D stylus is also used on a specific, external drawing
tablet. When used like this, it is similar to a mouse, but,
has additional sensors for pressure.
Then, there are devices that use more novel input sys-
tems with a touch-metaphor. This is the case for both the
Meta Quest (menu controls often use hand movements as a
touch-analog, like the swipe of the hand modelling a finger
drag) and the Vision Pro, which both offer gesture con-
trol modes. In case of the Vision Pro, a combination of
gaze and gestures enacts the same types of inputs like Ap-
ple touch devices, thus enabling cross-platform compati-
bility. The main distinction here is between direct ges-
tures, which are done in direct contact with an object, and
indirect gestures, which are done somewhere in space and
area in some way related back to the object in focus. Ap-
ple (2024) makes this distinction explicit in their developer
guidelines. Indirect gestures are those that work in tan-
dem with gaze to implement common touch gestures from
other platforms: Tap, Swipe, Drag, Touch (or pinch) and

¹The lack of abstraction is another one. 2D plans actually enforce a
simplification that is removing visual clutter and allowing users to focus
on the relevant visual information. However, we know how to generate
good, simple 2D views from 3D. So, it is technically a solved issue.
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hold, Double tap, Zoom, Rotate. Direct gestures are a new
addition specific to their AR platform and include the fol-
lowing: Touch, Touch and hold, Touch and drag, Double
touch, Swipe, Pinch and drag two hands together or apart,
Pinch and drag two hands in a circular motion.
A more specialized type of interaction hardware are con-
trollers of any kind. These can include game controllers
or even devices like MIDI controllers. These have in com-
mon that they combine multiple smaller input elements
into a usually very ergonomic device. They feature de-
vices like buttons and triggers (with just a few, some-
times analog buttons, as opposed to the many buttons on a
keyboard), analog sticks, and sliders and knobs. These
types of controllers are usually not tracked in space. But-
tons and triggers are also usually part of other devices
and are not deployed on their own. For the purposes of
this paper, the class of analog sticks also encompasses any
static 6DoF (Degrees of Freedom) controller, like 6DoF
joysticks or 3D mouses.
A tracked extension of them aremotion controllers, today
mainly used for VR. These reduce the controller paradigm
to what can comfortably be used in one hand, and add
object and sometimes hand tracking to it. As such they
model human hands, but other than direct hand gesture in-
puts they offer some translated inputs like analog sticks
and triggers. Some motion controllers eschew additional
controls and are instead focused on tracking and input
accuracy—these types of controllers are equivalent to the
aforementioned 3D stylus.
Some older VR controllers as well as controllers for room
scale large display systems are only tracked in rotation to
implement a laser pointer-like interaction. Wewill call this
class of devices 3D pointing device.
Finally, there is Voice control. Although this modality has
fallen in and out of favor over the years, there could be
great potential in using it in tandem with manual devices,
specifically when these devices occupy both hands and can
not by themselves cover every needed input.

Evaluation
In this section, we will take the previously established in-
put types and devices, as well as their categorizations and
evaluate them over some common metrics. This will yield
a qualitative overview of which devices are appropriate for
which use cases and how they can be combined.

Metrics of CAD Input
We first define some metrics to compare the different in-
put devices in applicability to CAD design. Our metrics
are based on the common quantitative metrics resolution
and throughput defined for example in Bérard et al. (2011).
Resolution is defined as the smallest possible displacement
of an input device that can be attained reliably and quickly
(i. e. with one short motion). Throughput describes, sim-
ply said, the average information an input device is capa-
ble of creating for the modelling task by a trained user.
We distinguish in spatial throughput for spatial inputs, and

numerical throughput for numerical inputs.
We redefine these metrics as Precision and Capability to
make them qualitatively evaluateable and extend them by
Explorability as follows:
Precision (Resolution) How precisely canwe input the in-

formation into the model and how error-prone are in-
puts?

Capability (Throughput) How quickly can we get the
needed information into the model and how much
range do we have for the inputs?

Explorability Can we quickly try out variations while
we input information into the model, for example by
moving a control back and forth?

All apply to both spatial and numerical inputs, though they
refer to slightly different aspects for both. For Selections,
Navigation and System Control, we only consider a gen-
eralized Effectiveness metric. Explorability is a secondary
metric that derives from both the throughput of a device
and which input classes it falls into.
Apart from the direct input metrics, there are also metrics
set by the context of use. Do we need a portable device?
Howmany hands do we have free? Are we building robust
systems for experts or trying to invite the general public to
play around with modelling? Secondary metrics are:
Hands Is an interaction uni- and/or bi-manual?
Intuitive Are the interaction concepts intuitive?
Portable Can the input device quickly be used in the field?
Collaboration Does the input device allow for dynamic

collaboration of multiple in one room, on the same
reference display or projection?

Comfort Is the device ergonomic, and is using it not tiring
even when used for hours on end?

Support How well is this type of device supported in
common 3D CAD software today?

Factors like portability, software support can usually be
easily determined based on experience with how these
products are used in practice. Intuitivity and comfort are
more complex psycho-physiological measures, but are still
commonly studied metrics in the HCI literature (e.g. in
Stern et al. (2008) and others referenced in Table 1).

Comparison of CAD Input Devices
With these types of inputs and metrics of quality estab-
lished, we can consider which input devices are effective
for which kind of inputs. A qualitative classification of this
can be found in Table 1. We first compare all input devices
based on the use case metrics and specify whether the de-
vice intuitivity, portability, collaborativity, comfort, and
current support are low (▼), medium (♦), or high (▲). We
then specify in which spatial reference, input reference and
numeric input the device falls and evaluate the effective-
ness of the device to execute selection, spatial inputs and
numeric inputs. For the latter two we evaluate the preci-
sion, capability, and explorability individually and for the
first one the overall effectiveness. We do the same for the
effectiveness for navigation an system control. These eval-
uations are, where possible, based on results from the lit-
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Figure 5: User interacting with a holographic display.
Source: Looking Glass

erature. Example references are given at the end of the
table. This table can be used to prioritize the quality mea-
surements important for a specific use case, and quickly
compare and identify appropriate input devices. Input de-
vices can also be combined in any way until both hands are
full, or if they are portable enough.
There are of course other possibilities than the ones shown
in the table, like direct numerical inputs with the mouse
by clicking on a virtual keyboard. However, we want to
consider only inputs that are actually common in practice
or could possibly become important as new display and
interaction modalities are unlocked through AR and VR
technologies. Many input methods allow for the use of
virtual keyboard, but theywill usually have lower precision
(because of being error prone) than a physical keyboard,
as well as much lower capability, and as such have never
gotten a large amount of adoption.

Discussion
In order to show how to use this evaluation in practice, we
will consider three input scenarios that are not currently
common in CADmodelling, but could become more com-
monplace in light of recent technological advances.

Scenario 1: Single person, 3D Display
This use case is aimed at a trained user drawing up an en-
tirely new model from scratch on a CAD workstation with
a holographic or high-quality stereo display, capable of
displaying models with 3D depth, or even fully volumetric
displays as shown in Fig. 5. The user can see all input de-
vices and there is no occlusion, as will be discussed in the
second scenario.
The most important input types here are spatial, numeric
and system control, and within the former two both pre-
cision and capability play a large role. As far as the sec-
ondary metrics go, the most important one is comfort, as
expert users in such a system would be expected to work
for hours uninterrupted.
According to Table 1, the following devices would be ap-
propriate choices to fulfill all or some of the requirements:

• Mouse/Drawing Tablet (For translated inputs and sys-
tem control)

• Keyboard (For numeric input and system control)
• 2D Touch Stylus (For immediate inputs)
• Sliders/Knobs (For continuous numeric inputs)
• Trigger/Buttons (For system control)

All of these devices can offer comfortable working con-
ditions, depending on display-setup. For a touch stylus to
be comfortable for hours, the display should be slanted be-
neath the user, something that may not be ideal when uti-
lizing a 3D display. The issue with simply using mouse
and keyboard is the fact that the display projects a 3D im-
age. The 2D-based translated projection of the mouse will
still work relatively well for selection tasks, however the
translated spatial inputs are similarly projected into 2D,
which will not be sufficient for a true 3D context. Instead,
we need input with a high comfort level, a direct spatial ref-
erence and an immediate input reference. If we consider
all options in Table 1, there is no combination that covers
all three of these aspects perfectly. A 3D stylus would be
the best option, but will not be comfortable for hours, even
with for example an elbow resting on the table in front of
the screen. In lieu, we could combine a mouse or drawing
tablet for precision spatial inputs on the model in the cur-
rent camera view, and the ability for the user to reach into
the model with direct gestures whenever necessary. This
way we achieve the direct and immediate inputs, without
having to regularly grab a new input device.
To promote the gesture paradigm, we could include in-
direct gestures for system control, thus making the weak
hand the “gesture” hand while the right hand is kept on the
mouse. This only creates an issue in that it would be awk-
ward to have a full keyboard in the same space in which the
hand is frequently moving down onto the table for indirect
gestures and up from the table for direct gestures. Here,
we could instead use a special control board with sliders,
knobs or buttons with the left hand, to do additional system
control and to input continuous numeric values whenever
necessary. If a direct numeric input is necessary, the user
can use voice control to say the exact numbers needed.

Scenario 2: Single person, VR Glasses
In this input scenario we imagine an architect or civil en-
gineer working on a CADmodel that features drastic scale
differences in individual parts. The user needs to be able to
change camera position and scale within the world on the
fly, in order to place themselves in front of a part, while
also seeing as much of the surrounding context as possi-
ble. Because of the limited virtual view that a 3D display
would offer, we need to utilize a VR headset to properly
display the model context. This creates an issue with the
input devices we used in Scenario 1: they would now be
fully occluded by the virtual world. This means that the
user cannot see their interaction with the input devices and
could potentially lose their positioning after looking away
from their focus point. Thus, all input devices that we use
in this scenario should be tracked in 3D space, in order to
place avatars of them into the virtual space. This is most
feasible with any input device that has an immediate input
reference and direct spatial reference, as well as any type
of input that does not require a device at all:

• Gaze (Selection)
• VR Motion Controllers (For spatial and numerical
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Table 2: A mapping of input tasks to predefined indirect gestures from Apples Vision Pro (Apple, 2024) and voice control.
Input Gesture or device
Part Selection Gaze and Tap
Navigation Drag with one hand, Pinch and drag two hands in a circular motion
System Control Gaze and Tap, Double Tap, Swipe
Moving and Altering Parts Pinch and drag apart with two hands, Voice

Figure 6: VR headset and controllers in a CAD model. (Arch
Virtual)

manipulation, navigation)
• 3D stylus (for precise spatial manipulation)
• Direct Gestures (Navigation)
• Indirect Gestures (For system control)
• Voice (For numeric inputs and system control)

The occlusion removes several interfaces that strongly de-
pend on a good hand-eye-coordination like themouse, key-
board or 2D stylus devices from our list. VR motion con-
trollers or 3D styluses are better suited as they can be syn-
chronized in the 3D model and users have a hand-eye-
coordination feedback loop as shown in Fig. 6. One issue
is that none of these devices offer high precision and a high
comfort level. It is however unlikely that a user would wear
VR glasses for a complex, multi-hour interaction process.
Instead, this system is more likely to be deployed only once
a high degree of spatial awareness is necessary. If longer
working times are expected, we could in a first step either
create more involved indirect gestures that also allow for
numeric inputs, or for long-term work even create a cus-
tom tracked solution based on sliders, knobs and buttons.

Scenario 3: Collaborative, VR/AR Glasses
For this scenario, we imagine a group of designers do-
ing design ideation around the same 3D model. They can
twist and turn the model as well as highlight and switch out
parts. The most important aspects here are selection, nav-
igation and spatial manipulation. Hand-free interactions
are more relevant than precision for this. While the input
reference should be immediate, a direct spatial reference
is not absolutely necessary. In this collaborative setting,
users are expected to sit around a table in a relaxed man-
ner, and will thus be relatively far from the model.

• Gaze (For selection)
• Indirect Gestures (For navigation and spatial manip.)
• Voice (for direct numeric input and system control)

Until recently, Microsoft’s HoloLens display was the most
prominent system that could implement this combination
of inputs. However, display quality and depth of interac-
tion was limited. Recently, the Vision Pro glasses by Ap-

Figure 7: User interacting with a Apple Vision Pro. (Apple)

ple have further developed this paradigm. What the Vi-
sion Pro offers us is a “Gaze and Gesture” input system
as shown in Fig.7. Following Table 1, it is fit for com-
fortable collaboration, and can deliver reasonably well on
selection, spatial manipulation and navigation tasks. We
suggest a mapping of indirect gestures to common tasks
in Table 2. The only issue is the precision of gestures in
spatial manipulation. Placing parts in the model that is
several meters away by hand gestures can be jittery and
error prone. As such, these inputs should be transformed
into step-wise numerical inputs with indirect gestures that
mirror multi-touch gestures, and optional voice input for
the highest precision.

Summary and Future Work
In this paper we review various classes of currently avail-
able input devices for CAD modelling applications. We
identified commonalities and differences between these
devices and categorized them according to multiple fac-
tors. Then, we established qualitative metrics for evalu-
ating their expected performance for different input tasks.
This being early stage research, the considerations were
not validated quantitatively in a usability study. This is fu-
ture work. We then applied these metrics to three use case
scenarios that could profit from making use of novel dis-
play and interaction devices, discussing individual draw-
backs of the device classes in context, and referencing spe-
cific actually existing devices where appropriate.
Establishing new input modalities is as much a process of
breaking habits as it is of building effective devices. The
issue that most new devices encounter, is that mouse and
keyboard do most things very well, and specific 3D tasks
reasonably well. A new device that does better at specific
3D modelling tasks will always have to compete with the
broad usefulness and software support of paradigms like
mouse and keyboard. Specific devices will be limited to
specific software, a circumstance that can create enough
inertia that even useful techniques do not end up in main-
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stream CAD software. However, in the near future we can
expect a broader adoption of VR and MR devices—which
has the capacity to break some of this technological in-
ertia and thus introduce whole new device classes into the
public mind. CAD software should prepare for this now, in
order to exploit entirely novel possibilities offered by some
of these technologies. There is potential for systems that
make it easier to draw organic shapes for 3D printing ap-
plications, or inputs that natively include AI-assisted inter-
actions, combining the precision of a manual stroke with
the intent behind it.
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Abstract 

Augmented reality (AR), despite its great potential, still 
struggles to be widely used in real construction processes 
due to difficulties in registering holograms in mixed 
indoor-outdoor scenarios. Since a definitive technological 
solution for inside-out AR registration does not exist yet, 
a seamless markerless augmented reality registration 
system, integrating real-time kinematic positioning 
(RTK), inertial measurement units (IMU) technologies 
and image comparison based on convolutional neural 
networks (CNN), has been proposed by the authors. 
Experiment results have shown the need to continuously 
register AR at regular temporal interval within 1 seconds 
and/or 1 meter to achieve “fine-precision” positional 
accuracy (i.e., 0.10 m). 

Introduction 

The architecture, engineering, construction, and 
operations (AECO) sector, despite its reputation as one of 
the least digitized industries, is progressively embracing 
digital technologies to enhance various stages of a 
building's life cycle (Albahbah, Kıvrak, & Arslan, 2021). 
Among these stages, the operation and maintenance 
(O&M) phase in facility management (FM) incurs the 
most significant costs, accounting for 50–70% of annual 
facility operating costs and a whopping 85% of the overall 
lifecycle expense (Salman & Ahmad, 2023). As facilities 
become increasingly intricate, day-to-day tasks have 
become more demanding. This heightened complexity 
has propelled the construction industry pursuit of 
visualization technologies to facilitate better access to 
information for evaluation, communication, and 
collaboration.  
Augmented reality (AR) technology emerges as a 
promising tool for streamlining O&M tasks, bridging the 
gap between facility managers and field workers, thereby 
minimizing delays and reducing operational expenses 
(Salman & Ahmad, 2023). AR technology revolutionizes 
human-computer interactions by establishing direct links 
between physical and digital realms. Its ability to overlay 
virtual objects onto the real world allows for the 
identification of concealed facilities and provides detailed 
maintenance guidance for field workers (Salman & 
Ahmad, 2023). However, integrating AR poses technical 
challenges. While display technology has made 
significant strides, achieving precise position tracking 

remains a major obstacle. Spatial registration, ensuring 
accurate alignment between virtual and real-world 
coordinates, stands as a critical aspect of AR functionality 
(Albahbah et al., 2021; Salman & Ahmad, 2023). Spatial 
registration methods can be categorized as "marker-
based" or "markerless" (Albahbah et al., 2021; El 
Barhoumi, Hajji, Bouali, Ben Brahim, & Kharroubi, 
2022; Salman & Ahmad, 2023). Marker-based 
approaches register virtual models using some kind of 
physical or hyperlink markers (El Barhoumi et al., 2022). 
These solutions can be potentially applied in mixed 
environments, but they generally require a preliminary 
survey, a manual setup and markers often generate 
aesthetic issues (Baek, Ha, & Kim, 2019). On the other 
hand, markerless methods, such as Global Navigation 
Satellite Systems (GNSS) or image-based localization, 
solve the previous gaps automating the AR registration 
process (Baek et al., 2019). However, the former cannot 
be applied indoor (Chen et al., 2019) and the latter 
requires a preliminary survey for collecting reference 
images (Baek et al., 2019; Messi, Spegni, Vaccarini, 
Corneli, & Binni, 2023) which restricts its use in large 
outdoor scenarios. 
An innovative seamless inside-out and markerless 
localization system has been developed by the authors in 
(Messi et al., 2023), housing GNSS-based and image-
based registration engines on an AR cloud platform, 
complemented by a switch engine managing their 
priorities. Since initial qualitative testing on a university 
campus has shown promising outcomes, AR registration 
performances need to be quantified in terms of drifts from 
an assumed benchmark. Hence, this paper serves as a 
follow-up to the one presented by the authors in (Messi et 
al., 2023) and aims to conduct initial assessments of the 
tracking engines embedded in the proposed system. These 
assessments provide a first evaluation of the capabilities 
of our seamless and markerless AR registration system 
(Messi et al., 2023). Existing studies report different 
registration accuracy thresholds, such as the “fine-
precision” corresponding to 1°/0.10 m, and “high-
precision” corresponding to 2°/0.25 m. The first one is 
considered as the minimum accuracy required for a good 
AR user experience in most settings (Sarlin et al., 2022; 
Sattler et al., 2017). 
This paper progresses as follows. The Research questions 
section formalizes the objectives of the study. Then, the 
Methodology section presents the proposed system 
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architecture and the evaluation method. The Experiments 
section describes the experiments carried out for the 
assessment of the drift and related results, followed by the 
Conclusions section that closes the paper. 

Research questions 

This study, since the seamless and markerless AR 
registration system presented by the authors has shown 
promising outcomes (Messi et al., 2023), carries out an 
accuracy assessment aimed to quantify its reliability. 
More in detail, the following research questions have been 
formalized: 
RQ.1. What is the drift of the proposed system during 
FM operations? 
RQ.2. What spatial/temporal AR registration frequency 
should be ensured to optimize the performance of the 
proposed system? 

Methodology 

This section presents the methodology applied by this 
study. To this purpose, the System architecture section 
will first recap the architecture of the markerless seamless 
AR system presented in (Messi et al., 2023), whereas the 
Evaluation method section describes methodology 
applied to assess drift issues related to the different 
registration engines embedded by the system. 

System architecture 

The architecture of the proposed system (Messi et al., 
2023) is established on an AR cloud platform housing 
four essential elements: (i) the graph database, (ii) the 
GNSS-based AR registration engine, (iii) the image-based 
AR registration engine, and (iv) the switch engine (Figure 
1). Although this system architecture has been defined for 
Microsoft HoloLens 2, it applies to all AR devices.  
The AR cloud platform serves as a centralized resource 
for data processing, storage, and distribution. It enables 
precise mapping of virtual assets to real-world locations, 
crucial for integrating the virtual and physical realms. 
Images and point clouds are georeferenced and aligned 
within this platform using absolute world coordinates and 
accurate rotations. The graph database manages 
structured and unstructured data storage, allowing AR 
application accessibility. The GNSS-based AR 
registration engine utilizes RTK GNSS and IMU systems 
for open-space challenges, while the image-based AR 
registration engine employs convolutional neural 
networks (CNN) for indoor environments lacking reliable 
GNSS signals. The switch engine integrates the outdoor 
and indoor registration engines, facilitating uninterrupted 
AR experiences by dynamically switching between 
registration approaches. 
The process for GNSS-based AR registration involves 
aligning the HoloLens 2 local frame to global coordinates 
using RTK measurements. The system computes the 
device position and orientation relative to geographical 
coordinates, enabling precise placement of building 
information models (BIMs), stored within the graph 
database. This process accounts for changing observer 
positions and altitudes, ensuring accurate object 

positioning and alignment with the local frame. 
Conversely, image-based AR registration relies on image 
comparison with survey data collected via cameras and 
LiDAR scanners. The process involves localizing the 
HoloLens 2 by comparing its current view with referenced 
images and related point clouds stored in the AR cloud 
platform (Sarlin, Cadena, Siegwart, & Dymczyk, 2018). 
CNNs, namely Hierarchical Feature Network (HF-Net) 
technology (Sarlin, Cadena, Siegwart, & Dymczyk, 
2018), and the Perspective-n-Point (PnP) algorithm 
(OpenCV, 2023) are applied for accurate 6-degrees-of-
freedom (6-DoF) localization. In this way, BIM models, 
stored within the graph database, can be overlapped to real 
world. The switch engine seamlessly integrates both 
registration approaches based on the scenario: RTK-only 
(mainly outdoor), RTK with images (mainly outdoor), 
and images only (mainly indoor). It identifies and triggers 
the appropriate registration engine based on available 
data, ensuring a continuous AR registration experience. 

Figure 1: System architecture of the proposed system for 

seamless inside-out and markerless AR registration. 

Evaluation method 

For the purpose of a first evaluation of the reliability of 
the proposed markerless and seamless AR system, a 
methodology has been defined. It comprises a series of 
steps aimed at assessing drift values among the tracking 
engines of the system. More in detail, the methodology 
defined in this section aims to compare the HoloLens 2 
tracking system with both the tracking engines of the 
system, namely the GNSS-based and the image-based 
engines. The evaluation steps are reported as follows: 

1. Tracking positions along a route: this step consists
in tracking the AR device position at predefined
intervals while navigating a route that includes both
outdoors and indoors scenarios. The AR device
tracking is carried out using all the different tracking
systems described above (i.e., HoloLens 2, GNSS-
based, and image-based). The HoloLens 2 and
GNSS-RTK tracking devices must be rigidly
connected to each other.

2. Registering HoloLens 2 reference system to the

North direction: this step aims to align the
HoloLens 2 system to the North direction using RTK
data, by computing the forward azimuth (Movable
Type Scripts, 2023) from displacements.
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3. Aligning the image-based cloud system to the

HoloLens 2 one: by aligning the image-based cloud
system to the HoloLens 2 one, this step ensures that
their x, y, z axes correspond each other and are
aligned to the North direction. This alignment is
achieved using the position of three reference photos
(Schönberger & Frahm, 2016) solely for the purpose
of alignment.

4. Data retrieval of the image-based tracking

system: this step involves calculating displacement
vectors (i.e., “tvec” values (OpenCV, 2023;
Schönberger & Frahm, 2016) and quaternions (i.e.,
“qvec” or “rvec” values (OpenCV, 2023;
Schönberger & Frahm, 2016)) of the acquired
images (i.e., their pose) with reference to the
HoloLens 2 reference system.

5. Data retrieval of the GNSS-RTK tracking

system: this step involves retrieving global
coordinates from the GNSS-RTK system,
transforming them into x, y, z coordinates using
equirectangular projections (ArchGIS Esri, 2023),
and computing the forward azimuth (Movable Type
Scripts, 2023) of the tracking direction.

6. Registering and assessing drift between

HoloLens 2 and GNSS-RTK tracking: this step
involves calculating the discrepancy between the
HoloLens 2 and the GNSS-RTK systems once
aligned on the equirectangular projection.

7. Registering and assessing drift between

HoloLens 2 and image-based tracking: similar to
the previous one, this step involves computing the
discrepancy between the HoloLens 2 and image-
based systems once aligned.

8. Evaluating drift at regular intervals: repeating the
discrepancy calculations at either specific time
intervals (e.g., every 1, 2, 3 s) or distance covered
(e.g., every 5, 10, 20 m) to evaluate drift values and
assess the best registration frequency.

Experiments 

The evaluation method introduced in the previous 
Evaluation method subsection has been applied to carry 
out a first reliability assessment of the proposed 
markerless and seamless AR system. Experiments have 
been executed assuming a FM use case based on a 
university campus as a case study. Specifically, the FM of 
the Digital Construction Capability Centre (DC3) Lab at 
the Università Politecnica delle Marche has been 
considered. The DC3 Lab, which covers an area as large 
as 240 m2, is composed of a main open space, a changing 
room, an office, and a restroom. Within this context, the 
management of the electrical system and, in particular, of 
the internal electrical panel of the DC3 Lab, has been 
considered. During this activity, the technician in charge 
of FM operations spends time first locating the electrical 
panel. Then, in order to find the root cause of the problem, 
the technician may be asked to locate cablings associated 
to the panel, which extend externally to the building. 
These cablings can be accessed through manholes located 

on the road in front of the building, connecting it to the 
rest of the campus (Figure 2).  
By testing the system proposed by the authors in (Messi 
et al., 2023) with the presented FM use case, its reliability 
in heterogeneous indoor/outdoor scenarios will be 
evaluated, considering the “fine-precision” positional 
accuracy threshold (i.e., 0.10 m) and “high-precision” one 
(i.e., 0.25 m) (Sarlin et al., 2022; Sattler et al., 2017). 

Figure 2: Aerial view of the university campus, assumed as 

case study, identifying the positions of the DC3 Lab,  and the 

RTK base; The focus on the BIM model of the laboratory 

shows the positions of the indoor electrical panel and the 

outdoor manhole cover that are the objective of the simulated 

FM use case. 

Experiments design and execution 

In this study, we applied the methodology exposed in the 
previous Evaluation method subsection to the case study 
described at the beginning of Experiments section for 
assessing the outdoor scenario. The indoor scenario and, 
therefore, the evaluation of drift between the image-based 
and HoloLens 2 tracking systems will be addressed by 
future studies. Specifically, in this study, aiming to 
evaluate drifts between the GNSS-RTK and HoloLens 2 
tracking systems (RQ.1) to understand the optimal 
registration frequency (RQ.2), we implemented points 1, 
2, 5, 6, 8 of the proposed methodology (i.e., Evaluation 
method subsection). Regarding point 1, it should be noted 
that the conducted experiment simulates the maintenance 
activity as described at the beginning of Experiments 
section, following a path in a mixed indoor-outdoor 
scenario, using the HoloLens 2 device with a rigid add-on 
hosting the RTK receiver (Figure 3). 
With these premises, the experiment was conducted in 
two parts. The first part involved comparing the GNSS-
RTK and HoloLens 2 tracking systems in a mixed indoor-
outdoor path, as indicated in point 1 of the methodology. 
Following point 6 of the methodology, the registration 
between the tracking systems was initially performed at a 
single point to assess the order of magnitude of drift over 
time and space. The second part of the experiment details 
the first part by comparing the same tracking systems and 
by following an only-outdoor path, executing multiple 
registrations at predefined time intervals. Specifically, 
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registrations were executed each 20 s during the tracked 
simulation to assess the drift across several samples, 
aiming to deduce the minimum necessary frequency of 
tracking system registration while maintaining “fine-
precision” or “high-precision” positional accuracy (Sarlin 
et al., 2022; Sattler et al., 2017). 

Figure 3: View of the operator simulating FM activities using 

the HoloLens 2 with the RTK add-on. 

Results and discussion 

The results of the first part of the experiment, as described 
in the Experiments design and execution subsection, are 
presented in Figure 4 and Figure 5. Figure 4 displays the 
2D layout of the DC3 laboratory and the trajectories 
recorded by both the GNSS-RTK tracking system 
(depicted in orange) and the HoloLens 2 (depicted in blue) 
during the simulation of FM tasks conducted by an 
operator. The size variation of the markers along the 
GNSS-RTK-traced path signifies positional accuracy, 
where larger markers correspond to decreased accuracy. 
The registration of the two tracking systems occurred 
solely at point A, i.e. at the beginning of the route, and 
only once (Figure 4). Subsequent movements within the 
laboratory space (zone B) revealed notable inadequacies 
in the GNSS-RTK tracking system indoors, indicating a 

substantial decline in accuracy. Further observations 
highlight zone C, illustrating an analogous scenario to an 
urban-canyon setting, where the GNSS-RTK system 
exhibited reduced reliability, potentially favoring the 
application of the image-based registration system [1]. 
Upon assessing the external trajectory (zone D), where the 
RTK system has a centimeter-level accuracy as declared 
by manufacturers (ublox, 2023), the HoloLens 2 system 
unreliability outdoors became conspicuous. It noticeably 
diverged from the RTK data when venturing beyond a 
certain distance from the registration point, indicating a 
drift of around 1 m each 45 m traversed (Figure 5). 
Therefore, the first part of the experiment, while 
answering RQ.1, demonstrates the need for regular 
registrations of the tracking systems to contain drift.  
In the second part of the experiment, whose results are 
detailed below and in Figure 6, the outdoor operator route 
mimics the one of zone D in Figure 4. Along this route, 
the HoloLens 2 tracking system was registered against the 
GNSS-RTK at 6 subsequent intervals, spaced 20 s apart, 
creating 6 subsets of the total path. Drift readings for each 
subset were registered 1 s apart (Figure 6). These recorded 
subsets are overlaid in Figure 6, displaying a relatively 
consistent trend. It is worth noting that only the initial 15 
m of each subset are depicted in Figure 6, as values 
beyond this range prove less significant. In Figure 6, the 
"Subset4” (light green curve), registering the worst 
performance, shows that the drift remains below 0.10 m 
(i.e., “fine-precision” positional accuracy threshold) only 
within about 2 m of covered distance (around 1.5 s of 
tracking). Instead, on the overall, the trendline of all 
subsets (red dashed line) shows that the drift remains 
below 0.10 m within about 4 m of covered distance. 
Furthermore, the "Subset4” shows that the drift stays 
below 0.25 m (i.e., “high-precision” positional accuracy 
threshold) within around 7 m of covered distance 
(approximately 6 s of tracking). Instead, on the overall, 
the trendline of all subsets shows that the drift remains 
below 0.25 m within around 9 m travelled. This result 
further answers RQ.1.  

Figure 4: 2D view of the paths travelled by the operator and tracked by the GNSS-RTK (orange) and HoloLens 2 (blue) tracking 

systems. The grid has a mesh size of 1 m. Smaller orange markers along the GNSS-RTK route indicate higher accuracy of the 

samples. 
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Figure 5: Outdoor assessment of HoloLens 2 drift against GNSS-RTK ground-truth localization (only zone D). The system is 

spatially registered only once at the beginning of the route. 

Figure 6: HoloLens 2 drift against GNSS-RTK ground-truth for each subset and trendline (red dashed line), related to the path 

traversed during the second experiment (only outdoor scenario – zone D). Horizontal dashed and dashed-dotted grey lines represent 

the “high-precision” and “fine-precision” positional accuracy thresholds at 0.25 m and 0.10 m respectively. 

To sum up, for achieving in all outdoor circumstances a 
“fine-precision” positional accuracy, required for a good 
AR user experience (Sarlin et al., 2022; Sattler et al., 
2017), the results underscore the need of aligning the 
HoloLens 2 tracking system with the GNSS-RTK 
approximately every 1.5 s or 2 m of travelled distance. 
Instead, to ensure the “fine-precision” positional accuracy 
on the overall, the results underscore the need of aligning 
the HoloLens 2 tracking system with the GNSS-RTK 
approximately every 4 m of travelled distance. This result 
answer RQ.2. It must be noted that, in this study, the RTK 
time latency was considered and the existing delay 
between the acquisition of GNSS-RTK samples and those 
from the HoloLens 2 was compensated. 

Conclusions 

Despite its immense potential, AR encounters barriers 
hindering its widespread implementation in real 
construction processes. One of the primary obstacles lies 
in the difficulty of aligning and sustaining the stability of 

holograms in mixed scenarios. The seamless integration 
of indoor-outdoor AR registration systems is imperative 
for effective built environment management. 
The authors proposed a markerless augmented reality 
registration system that integrates RTK, IMU 
technologies, and image comparison based on CNN. Such 
system was qualitatively tested on a FM use case related 
to a university campus (Messi et al., 2023). This paper 
extends preliminary tests conducted on the proposed AR 
registration system. The aim of this study is quantifying 
drifts experienced within the different tracking systems 
embedded in the AR registration engines and determine 
the optimal registration frequency required for practicality 
in real FM scenarios. Experiment results have provided 
insights into the system performance, highlighting its 
capabilities, limitations, and areas of refinement. Such 
results can be summarized as follows: 
● HoloLens 2 tracking system, as shown by the first

part of the experiments, exhibited significant drift
outdoors, reaching about 1 m per 45 m traversed
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(Figure 4 and Figure 5). This result, while answering 
RQ.1, confirmed the need of periodic spatial 
registrations to contain drifts between the tracking 
systems. 

● The second part of the outdoor experiments showed,
in the worst subset, drifts below 0.10 m within around
1.5 s or 2 m of travelled distance and below 0.25 m
within around 6 s and 7 m traversed (Figure 6). The
overall trend of all subsets, instead, shows a drift
below 0.10 m within about 4 m and below 0.25 m
within about 9 m of travelled distance. These results
extend the answer to RQ.1 and highlight the critical
need of spatial registration of HoloLens 2 against
GNSS-RTK.

● Finally, for achieving in all outdoor circumstances a
“fine-precision” positional accuracy, required for a
good AR user experience, aligning HoloLens 2 with
GNSS-RTK data every 1.5 s or 2 m of travelled
distance is crucial. Overall acceptable results can be
achieved by aligning HoloLens 2 with GNSS-RTK
data every 4 m of travelled distance. These results
answer RQ.2.

Future works will focus on the assessment of the drift 
between image-based and HoloLens 2 tracking systems as 
explained in point 3, 4 and 7 of the presented methodology 
(Evaluation method section). Then, data fusion techniques 
should be applied to combine the different data sources 
and achieve better results in scenarios served by both the 
GNSS-RTK and image-based tracking systems. 
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