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A B S T R A C T

In recent years, there has been an exponential growth in the need for 3D spatial in-
formation, particularly 3D models representing the geographic information of the
urban environment. The existence of a comprehensive integrated 3D model repre-
senting the condition of the underground utility networks in accordance with the
above-ground city objects is crucial in the ever-increasing infrastructure demands.
To acquire such models the related spatial information (geo-information) is required.
This information and its quality determine the quality of the models since it de-
scribes the functionality, physical properties, semantic details of the urban features
as well as the between them relationships (if exist) and interconnections. Currently,
there are available various 3D models that, however, are limited in the represen-
tation of objects at a city level, with the corresponding underground information
about the utility networks supporting cities’ functionality being restricted and/or
underdeveloped. Although the modeling of underground utility networks is under
development, there are available models that allow for the mapping of the existing
information to predefined schema. However, these models have some limitations
that restrain the display of the integrated condition with the above-ground city ob-
jects as well as they do not support (completely) the interdependencies between
networks of different uses.
This thesis focuses on how to develop a three-dimensional model of underground
utility networks integrated with above-ground objects, in order to utilize the model
in real-world scenarios (disaster management, cost-effective routes). These net-
works concern sewage networks (and the stored sub-networks), while the objects
are related to the buildings of the study area. For the research, vector datasets
were used, related to the existing underground utility networks of a limited area of
the Delft University of Technology campus, as well as network elements related to
them.
For the examination of the proposed model creation, a methodology was developed
that could constitute a general approach for relevant applications, considering the
condition of the available vector datasets of the similar and/or relevant content.
This methodology is divided into seven stages that concern the preparation of the
research and data collection process, the statistical and spatial analysis of their con-
tent, the integration and cleaning approaches to reconstruct invalid information,
and the creation of a relational database to store them. Finally, based on the results
from these steps model, routing analysis and functionality were implemented to
examine the effectiveness of such model in real-world scenarios. According to the
results and limitations that arose, suggestions for the harmonization of the data are
addressed as well as future application proposals.
Experimentation demonstrates that the developed methodology lead to the creation
of a model that, although it represents a simplification of the existing geographical
information, it can successfully be used for the implementation of the proposed
case studies (disaster management, cost-effective routes). However, taking into ac-
count the poor quality of the input data, the model necessitates improvements in
order to be used out of the box for other applications, as well as to verify its compli-
ance with available standards supporting the mapping of the including information.

Keywords: Underground utility networks, PostgreSQL, PostGIS, Routing, pgRout-
ing analysis, OGC standards, CityGML Utility Networks ADE, KLIC
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1 I N T R O D U C T I O N

1.1 introduction

In recent years, an exceptional effort has been made to utilize geospatial technology
in order to model reality. This modeling concerns the simulation of entire cities,
individual installations, large physical systems, accompanied by their dimensions.
This simulation, provided in digital form, can be characterized as the "digital twin"
of the real/natural condition, in terms of spatial (geographic) information, and it
aims to represent, virtually, real-world objects, processes, relationships, behaviors
as well as interdependencies [Andrews, 2021]. The reason for modeling the exist-
ing information along with data as well as reports is their contribution to improv-
ing business processes, optimizing operational efficiency, reducing risk, improving
decision-making using automation to predict results [Campbell and Wachal, 2021],
and moving to evolve into a comprehensive digital era. In the context of the digital
era, the representation of reality is accomplished through the use of geographic in-
formation systems (GIS), which capture, store, control, and display data related to
positions in the urban environment [Evers and Editing, 2017].

With the help of GIS, data from different sources can be combined to create a com-
plete model that allows people to better perceive, analyze and understand existing
patterns and relationships of real-world objects. With the development of tech-
nology, tools, and methods that collect various data, the visualization of reality is
digitally enriched more and more, while the demands for more reliable models/sim-
ulations accompanied by attributes that characterized them (e.g. dimensions) are
increased. Most of the current, complete, GIS representations are available in 2D,
thus simplifying the actual aspects of the objects. However, significant upgrades
have been made to the current 2D information, adding the 3rd (and/or other di-
mensions) dimension to the displayed objects.

Indeed, there has been a significant development in the mapping and displaying
of city objects and this visualization has been enriched to such an extent that large-
scale city simulation models are now available, including important detail of var-
ious levels. The transition to higher levels of information demands, however, the
existence of sufficient and correct information at the basic levels (2D), in order to
constitute, then, the main geometric unit for the creation of a three-dimensional
system of geographic information (GIS) or of higher dimension (e.g. 4D-time) [Ko-
caman et al., 2022]. This evolution, in terms of mapping various dimensions, is
currently available, mainly, at a city level, including above-ground city objects, with
the related information concerning below-ground condition being absent or quite
limited. Taking about 3D city models means the existence of the digital information
about all the objects from which the cities consist of, such as buildings, infrastruc-
tures (below and above-ground), and other physical systems (e.g. water systems).
Having a complete city model should entail the existence of detailed information
for both conditions (above-below ground) regarding the location of the existing ob-
jects, their components, materials and costs, and/or other information about the
construction. Not only the spatial information itself but also the parameters and
attributes (e.g. materials, costs) related to it are necessary for the practical use of
such a model. Considering that a city is made up of the infrastructure ensuring
its normal urban activity, the costs accompanied by these infrastructures should be

1



2 introduction

stated. Especially in the design phase of a project, accurate cost estimation is vital
[Du et al., 2006].

Given the rapid development of smart cities and the need for further sustainable
development of the urban environment, the need for an accurate location and map-
ping of the existing underground state of utility networks is revealed. The expan-
sion of the urban fabric involved in excavations and trenches, results in the demand
for knowledge of existing underground utility networks, in order to avoid interrup-
tion of services and other costly damage [Tabarro et al., 2017]. Given the complexity
of underground networks, there is a need to map them in such a way as to allow
changes to be made and to keep their spatial and thematic information up to date
[Tabarro et al., 2017]. As the space of the city develops, the need for the existence of
maps depicting the underground space seems greater, since this space will need to
be developed to the same extent in order to serve the needs of the cities. Mapping
accurately the underground condition and the current state of the existing networks
of different uses leads to a better understanding of the aspects of the underground
space planning [Yan et al., 2018] and allows for more efficient management of it.

Underground utility networks provide infrastructure services related to the urban
environment. These facilities, located beneath the ground surface, are responsible
for the proper function of the urban fabric as they offer services for the transmis-
sion of electricity, telecommunications and data, sewerage and water, gas, and/or
other public goods [Pedia, 2021]. Their maintenance is vital, as any disruption will
cost normal urban activity. The knowledge of their exact location can prevent harm-
ful accidents while at the same time, assist in a more efficient installation of new
utility lines along with existing ones. Therefore, the need for detailed utility net-
work maps as well as digital data models is revealed to represent, exchange, and
store their spatial information, with the ultimate goal to manage their relationship
to other network systems as well as to integrate them, and better understand their
interaction between city entities [Hijazi and Ihab, 2017]. Moreover, apart from the
mapping and integration of the available geographic information, the related topol-
ogy is a crucial component that should not be neglected. The existence of a coherent
topology of geographical objects implies the representation not only of the individ-
ual objects but also of the relations between them, ensuring the communication of
the relations of interaction and/or interdependence.

1.2 problem statement and motivation

The needs of the urban environment in combination with the constantly evolving
technologies are the basis for the development of an accurate and integrated model
of urban space. This model will contribute to a better understanding of existing
and/or future relationships while also being a source of reference for new environ-
mental projects, urban administration as well as disaster management. The mod-
eling of the underground infrastructure aims at the transfer from the geographical
information to its topological representation including the relations that exist be-
tween real-world physical entities.

The third dimension in the simulation of underground utility networks facilitates
the separation of different uses, highlighting the different levels at which they
should be placed, reducing their complexity, while their connection to city objects,
contributes to a better understanding of the interdependence between the below
and above-ground infrastructure. In recent years, the interest in a comprehensive
3D model is increased significantly [den Duijn X. et al., 2018]. However, despite the
development that has been made to 3D modeling of the urban environment, rele-



1.2 problem statement and motivation 3

vant information about the networks existing beneath the ground surface is very
often still rather poor or incomplete. More specifically, although some 2D repre-
sentations are available, the vertical information corresponding to the depth of the
pipes/cables is often still missing. This absence makes it difficult to separate them
both in terms of height and use, as well as for their topological analysis, accounting
for the existing relationships (e.g. joining water pipes for deposition in a natural
recipient- sea). However, before focusing entirely on 3D models, the available 2D
models must be complete both in terms of content (features) as well as in terms
of quality and quantity (content related analysis and number-based/statistical anal-
ysis respectively). Looking at the relevant literature, it was found that there are
a number of common "typical" problems in today’s datasets that still hamper the
immediate upgrade to the third dimension. Specifically, some of the common prob-
lematic points are:

1. Insufficient or partial availability of metadata describing the current state of
available data and its content.

2. The low quality of data, both in terms of content (e.g. empty records, in-
complete feature information) and of quantity. Especially when it comes to
infrastructure, emphasis should be given to all the objects that make them
up (e.g. networks accompanied by the respective network connection points-
networks elements).

3. The incomplete and/or totally absent information of the most important at-
tribute of the beneath ground surface networks concerning their location (depth-
3rd dimension).

4. Digitization errors exist in many of the available vector datasets. The current
state of vector data, for the most part, contains errors that make it difficult to
use them directly to develop any application that requires the creation of a
correct topological model.

5. Lack of relationships that reflect reality. Here the link between the networks
of different use and/or with other objects (city objects) is missing, while their
embedding into 3D urban space is not supported.

6. The non-compliance with available standards. In this case, the data can not
be exchanged immediately and thus their interoperability is deprived.

In the city of Delft in the Netherlands, although a 3D city model is available, the
corresponding underground model as well as the connection between the above-
ground condition, is missing. Creating a holistic 3D model might be beneficial for
a number of applications, (e.g. where the 3rd dimension plays a vital role). Given
that underground networks serve terrestrial installations and facilities, knowledge
about their uses and internal connections is very important. In particular, taking
into account the strong interdependencies between a network and the correspond-
ing service, the destruction of one (e.g.) network can directly affect, other networks
and/or the related above-ground facility, in a so-called cascading effect [Becker et
al., 2011]. In the case of a disaster, natural or human-made, a comprehensive 3D
model will contribute to an immediate estimation of the extent of the disaster as
well as to the decision-making process that will lead to the development of crit-
ical solutions. Additionally, for future installations and planning, these models
are necessary, since they allow for risk analysis and a-priori preparation of possi-
ble emergency situations, and suggestions for potential solutions, something that
makes provision for efficient disaster management [Becker et al., 2011].



4 introduction

It is noted that the data concerning the underground infrastructure of the test
case area, were not available online but they were provided by the Delft University
of Technology and specifically from the Directie Campus & Real Estate Department.

1.3 objectives and research questions

The current thesis will be guided by the following main research question:

How is it possible to model underground utility networks in 3D, integrated with
the above-ground objects, such that they can be suitable for multiple uses? - routing
analysis

The aim of the present research will be to study the possibilities of "upgrading"
the underground networks in 3D, using available tools. At the same time it will
be examined if and how it is possible to follow one of the international standards
that have been developed for this purpose, considering the content and the quality
of the provided data. In particular, the desired 3D map will be obtained either
by directly using the data of the underground networks in the third dimension (if
available) or by specifying a way of extracting the 3D information by combining
data from different sources (e.g. usage of a Digital Terrain Model of the study area).
Having the three-dimensional information, the possibility of the direct connection
of the underground network with the above-ground objects will be examined. (e.g.
water pumps with the corresponding water pipe).

In order to implement this integration, certain steps will be followed regarding
the understanding of the existing information and the physical connectivity of the
networks/ sub-networks with each other, clarifying their hierarchy and their inter-
dependencies with the above-ground condition. In order to achieve the last option,
the following sub-research questions were defined:

• How to represent a direct connection with the above-ground condition?

• Is it possible to achieve that connection?

The research aims to highlight the importance of a complete mapping of under-
ground utility networks accompanied by their interconnection with above-ground
objects. Such a model will allow for the development, for example, of disaster
prediction techniques and possible alternative scenarios (one-pipe), plans for the
installation of new underground utility networks, or extension of the existing ones.
Attention is paid to the creation of a three-dimensional georeferenced map of a sub-
set of existing utility networks (e.g. sewage) in an area of the Delft University of
Technology campus, to analyze the current situation and propose a harmonization
strategy, by means of existing data models.

1.4 thesis outline

The core content of the present thesis is divided into six main chapters. Specifically,
Chapter 2 provides an outline of the scientific study that was conducted as part of
the current project, and attention was paid to the proposed techniques used for the
development of utility network models and their integration. Chapter 3 is reviewed
the methodology adopted to mitigate the thesis research questions and they have
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described the particular steps that constitute it. More details about the technical
implementation of the proposed methodology are given in Chapter 4, where also
the case study area is determined, while in Chapter 5 are presented the results of
the examined application. Finally, in Chapter 6 are formed the general conclusion
and the research questions are addressed, that are followed by constructive ideas
and recommendations for future research.





2 T H E O R E T I C A L B A C KG R O U N D &
R E L AT E D W O R K

2.1 theoretical background

Underground utility networks have concerned the engineering community for years,
as they constitute an integral part of the urban environment and its infrastructure.
The best possible representation of the current situation contributes to the improve-
ment of various business processes, reduction of future risks, optimization of oper-
ational efficiencies, as well as enhancement of the decision-making procedure, with
the goal to automate the prediction of possible outcomes [ESRI, 2021]. In general
terms, a utility network can be characterized as a hybrid geographically diverse
service that delivers subscribers with energy, water resources, telecommunications
facilities,and other services. It encompasses local councils, economic entities, and
customers, as well as the nature of their relationships [Toktoshov et al., 2018]. Given
the degree of importance of utility networks for the smooth operation of cities, the
knowledge of underground location and digitization is becoming more and more
necessary. In the last decades, significant efforts have been made for the location of
manufactured objects using GIS technologies, which are evolving rapidly to meet
current needs.

The simulation of utility networks is more complex compared to other types of net-
works (e.g. transportation), as they are interacting with more than one object (below
or above ground) and they cannot be characterized as unique units. Thus, their lo-
cation below the ground (depth) in combination with their interdependencies with
the above-ground objects necessitates detailed digital performance [Toktoshov et al.,
2018]. Nevertheless, the nature of utility networks in terms of their use is constant,
in the sense of patterns (e.g. depth per network, the distance between pipes, etc),
and therefore their modeling allows for the development of certain standards ca-
pable of delivering their information. In this regard, different models have been
developed with common features and ’roots’ but developed by different organiza-
tions that follow customized standards (see Chapter 2.2).

Developing and enforcing standards for network modeling is the basis for devel-
oping models that can be used, shared, and reused over time while allowing for
their interoperability. However, considering utility networks exceptional structure,
to obtain a uniform output, they must be presented and stored using ontologies
[Fossatti et al., 2020] that can be regarded as a specific domain data modeling stan-
dard (e.g. INSPIRE, Industry Foundation Classes (IFC), CityGML Utility Network
ADE). Based on the ever-changing and growing needs of the modern urban envi-
ronment, these standards need to be adapted to support all available real-world
information that needs to be digitized. This becomes more clear when it comes to
utility networks, since the majority of times they are treated as a two-dimensional
entity on a plane. However, this does not perfectly reflect reality, because of the
interrelation with the other objects (below and/or above-ground).

In order to simulate utility networks, predominantly graphs and/or other network
objects are used as vector data structures. A graph data structure consists of a
unique and dynamically modifiable set of vertices (nodes/points), but also a set of
ordered or unordered pairs of edges (links/lines). The vertices of the graph could be

7
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either inner graph components or foreign elements indicated by integer or pointers
[JavaTPoint, 2021]. The main goal is to transfer the real geographical information in
the form of a graph capable of capturing the functional, structural, and topological
properties of the simulated objects [olde Scholtenhuis et al., 2018]. At this point,
the necessity of models able to represent the different levels of detail per network
as well as the relationships between them (e.g. intersection between networks or
with the above-ground objects) is revealed. Based on the above, models have been
developed that serve this purpose (see Chapter 2.2), as efforts are constantly being
made to optimize their providers, for the best possible representation of reality.

2.2 related work: overview of existing data mod-
els

2.2.1 INSPIRE network

For the representation of utility networks, the Infrastructure for Spatial Informa-
tion in Europe (INSPIRE) has developed an individual spatial data theme (1/34).
The aim of that theme is to support the easiest accessibility of the available spatial
and/or geographical information for various purposes in terms of sustainable de-
velopment [Lieberman, 2019]. Specifically, the theme Utility and Government Services
contains information concerning primary aspects on a range of administrative and
social services of public interest. All the provided information follows the INSPIRE
rules for interoperability of spatial datasets and services. These datasets are ac-
companied by data specification guidance documents that are based on UML data
models developed by the INSPIRE Thematic Working Groups. In the case of un-
derground utility networks, the UML model provides information describing the
process of designing and integrating networks into existing infrastructure. The Util-
ity networks model belongs to the family of Generic Network Model but it has some
extra information for each network element (e.g., UtilityLinkSequence, UtilityNode
and UtilityNetwork) that is accompanied with its specific application schema [Util-
ity and governmental services, n.d.]. However, this kind of model has some open
issues that need to be confronted. One issue is that utility networks are considered
as separated objects and they do not take into account the other networks. This re-
sults in partial development of the underground relationships. Additionally, given
the main concern for achieving the interoperability of the provided datasets, the use
of standards for legal reference or contact information as well as the harmonization
of the temporal information are other issues that should be covered. Finally, the
most important issue trying to be covered is the need to host 3D data, which means
the ability to integrate the utility networks in 3D [Utility and governmental services,
n.d.] (Figure 2.1). Currently only 2D topological relationships between the networks
are supported.

2.2.2 CityGML Utility Network ADE

As it is stated from [Becker et al., 2011], it is of vital importance to integrate the
utility network models into their 3D urban context in order to make them func-
tional for multiple uses. For that purpose they proposed a CityGML application
domain extension, Utility Network ADE. This extension empowers CityGML by
representing supply and disposal networks in 3D city models. Starting with the
CityGML, it is an Open Geospatial Consortium (OGC) standard that defines a con-
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Figure 2.1: INSPIRE Consolidated UML Model

Source:https://inspire.ec.europa.eu/Themes/136/2892

ceptual model as well as an exchange format (XML-based) for the representation,
storage and exchange of virtual 3D city models[Consortium, 2021]. The correspond-
ing Utility Network extension follows the same standards and has contributed to
the addition of new properties to existing CityGML classes that allow their inte-
gration This integration lead to an urban model that is spatially and semantically
consistent, considering that all the urban objects are characterized by the related
geometry, semantics, topology as well as hierarchies [Widl et al., 2021]. Utility Net-
works ADE, supports this representation and specifically both 3D topographic and
topological representation (dual representation) as well as functional modeling of
hierarchies [Kutzner, 2019]. In this model, there are specific classes and relation-
ships representing the network entities used in the various types of utility networks
and commodities [Adolphi et al., 2013]. Specifically, five modules have been devel-
oped for the Utility Network ADE structure [Kutzner, 2019]:

1. Network Core: Defines the topological and/or functional model (graphs) as
well as the topological model (feature and network)

2. Network Components: Defines the individual network components based on
use (e.g. distribution objects for transport, protection elements relevant for
network security)

3. Feature Material: Defines the material of the above mentioned module. Specif-
ically, it is defined the exterior, interior and the filling materials of them.

4. Network properties: Defines the product transported by the networks and
their corresponding characteristics.

https://inspire.ec.europa.eu/Themes/136/2892
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5. Functional characteristics: Defines the different functional concepts (e.g. sup-
ply area, functional role).

The main goal of the modules is be applicable to all types of utility networks. How-
ever, some of them are currently under development given their complexity (e.g.
specific packages for district heating, electricity, gas, freshwater) [Kutzner, 2019].

Figure 2.2: Utility Network ADE

Source:https://www.asg.ed.tum.de/en/gis/projects/citygml-utility-network-ade/

2.2.3 Industrial Foundation Classes -IFC

Industrial Foundation Classes is an extra open international schema developed for
exchanging data concerning building information model (BIM) [TC, 2018]. This
standard contains definitions about the cover data needed for buildings over their
life cycle. IFC represents building structures accompanied by their properties, 2D
and/or 3D geometry and utility networks [van Oosterom, 2008]. However, given
their main functionality, these networks are limited only to the level of buildings,
considering as networks a limited part of the whole network. That part is related to
the building service system (inside building networks) [van Oosterom, 2008]. IFC
includes a connectivity concept, which allows the representation of the relationship
between the different network objects that are categorized according to their role
in the network. This connectivity corresponds to both the physical as well as the
logical connection between the elements and the service items (on the level of their
ports) of a building, accordignly. Its structure consists of several layers [Borrmann
et al., 2018]:

1. Core Layer: Defines the primary classes of the IFC data model. It is used as
a reference for all the layers and it defines the basic structures, relationships
and concepts that can be used (and re-used) by the classes.

2. Interoperability Layer: Defines the connection between the core of the data
model and the domain-specific schemes. Other classes are defined, deriving
from the classes of the Core Layer and they are used to support the various
application schemes (e.g. walls, windows of the building- IfcWall and IfcWin-
dow respectively).

https://www.asg.ed.tum.de/en/gis/projects/citygml-utility-network-ade/
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3. Domain Layer: Defines more specialized classes and it forms the leaf nodes
in the hierarchy of inheritance. The classes specified in this layer cannot be
referenced by another layer and/or another domain-specific schema.

4. Resource Layer: Defines schemes that detail basic data structures that can be
used throughout the entire IFC data model.

The limitation of this model, as far as the integration of city scale network is con-
cerned, is the fact that it is restricted to model utilities at the building level [Hijazi
and Ihab, 2017] and thus when it comes to a larger scale (city level), the under-
ground condition cannot be supported by its classes.

Figure 2.3: IFC inside building utility network schema

Source: Advances in 3D Geo-Information Sciences edited by Thomas H. Kolbe, Gerhard König, Claus
[Hijazi and Ihab, 2017]

2.2.4 ESRI Geometric Network

ESRI has developed its own model for the utility networks. In this case, the defined
model is based on a core concept, known as Geometric Network, which includes a
set of connected edges and junctions in order to represent and model the behav-
ior of a typical network infrastructure (above and underground). In more details,
there are geo-database feature classes that support the definition of the geometric
network and the corresponding rules that provide information about the way the
resources flow through the geometric network (physical connectivity and logical
relation of the network) [ESRI, 2017]. In the case of utility networks, ESRI offers
a scalable network data model (Figure 2.4), where there are only two types of net-
works [JOAQUIN MADRID, 2017]:

1. structure Network: Supports the infrastructure of one single network. It in-
cludes three feature classes based on the type of the geometry (e.g. point, line,
boundary).

2. Domain Network: Supports the modelling of the assets delivering the com-
modity. It includes five classes separated, as in the previous case, by the
feature geometry. There are three classes for point geometry and the rest for
lines.
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The above structure derives from the geometry of a network that is constructed
from edges as well as junctions (points) in 2D. It supports the representation of a
real world utility object as one feature, while similar kinds of features are possible
to be represented by the corresponding feature classes [ESRI, 2007]. The logical
connectivity between the features is implemented by a set of tables. The limitation
of this model is the fact that it is semantically rich only for the 2D topography
representation of the networks, thus corresponding representation of these objects
in 3D is missing [Hijazi and Ihab, 2017].

Figure 2.4: ESRI Geometric Network

Source: Esri Utility Network – Simple and Scalable Network Data Model https://sspinnovatio
ns.com/blog/esri-utility-network-simple-and-scalable-network-data-model/

2.2.5 Model for Underground Data Definition and Integration -MDDI

In addition to the above mentioned models, MUDDI (Model for Underground Data
Definition and Integration) model is another conceptual model that is intended to
serve as a basis for integrating underground data from multiple sources, systems,
and schemes [J. and Roensdorf, 2020]. As the previous models, MUDDI consists
of core entities that serve different cases. The aforementioned entities are further
specialized and utility networks are supported, as well as their attributes [Lieber-
man, 2019]. MUDDI core model consists of various packages and features including
the ones concerning networks, where network entities and relationships are be de-
scribed (Figure 2.5). In more details, these entities, depending on the application,
are enhanced in order to support certain types of (e.g.) input data, geometry types
(e.g. 2D, 3D, voxels), network connectivity, and functionality. In this case, the basic
network (IGraph) works as a container for other network elements and provides
their topological relationships, which helps later on to represent the connectivity
structure between the links and nodes [Lieberman, 2019]. The current status of
this model is not the final one, since it is active development and focuses on the
extension of the original classes and not on the replacement of existing models
[Lieberman, 2019].

https://sspinnovations.com/blog/esri-utility-network-simple-and-scalable-network-data-model/
https://sspinnovations.com/blog/esri-utility-network-simple-and-scalable-network-data-model/
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Figure 2.5: MUDDI utility network environment

Source: Model for Underground Data Definition and Integration Engineering Report http://www.
opengis.net/doc/PER/MUDDI

2.2.6 Kabel- en Leiding Informatie Portaal -KLIC

In the Netherlands, another domestic system for the presentation of underground
networks has been developed, which follows certain standards set by the country’s
cadastre. In more details, Dutch cadastre manages the national Kabel- en Leiding
Informatie Portaal (KLIC) (online) application that includes information about the
location of the existed cables and pipelines (IMKL), aiming to prevent excavation
damage to the sub soil infrastructure [Koppens, 2014]. KLIC application was de-
signed for building and maintaining a system for supporting the digital information
exchange. In 2008 a law was adopted -WION- that obligates the networks opera-
tors to use a standard information model in order to register their infrastructure
[Koppens, 2014]. The application apart from the networks’ location, provides the
possibility to visualise them through an online environment, after applying for it,
allowing this way to obtain a clear view of the current condition [Zeiss, 2014]. This
is achieved within the framework of the Information Exchange of above-ground
and underground Networks and Networks Act (WION) [GEONOVUM, 2020a]. As
the previous models, also here there is a common conceptual framework (IMKL)
used for data exchange that works on both cables as well as pipes(pipelines). The
information model is based on NEN3610 and therefore part of the NEN3610 fam-
ily. NEN3610 is a basic geo-information model that has been developed for se-
mantic coordination in the Netherlands and connection to international standards
[GEONOVUM, 2020b]. In this case, there is not an individual model and the main
purpose of this tools is to illustrate the exact location of the pipes without focusing
on the integration of the detected networks. In general terms, KLIC model can be
considered as an extension of INSPIRE model. The semantic core of IMKL, however,
includes extra information for the Dutch user applications, thus only the informa-
tion have been added extra to the INSPIRE Utility networks model is shown (geom-
etry and network topology of INSPIRE Utility are excluded) [Herman van den Berg
and Paul Janssen, 2021]. It is noted that 3D information is not always and imme-
diately available. The existence of the current application is more about to prevent
any danger or economic harm, which is caused by damage to underground cables
or pipes (water, electricity and gas lines, telephone lines and oil and gas pipelines)
and focuses on the Dutch utility system. An example of the UML diagram used in
KLIC case is illustrated in Figure 2.6.

http://www.opengis.net/doc/PER/MUDDI
http://www.opengis.net/doc/PER/MUDDI
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Figure 2.6: IMKL semantic core for WION application.The elements have attributes and a
link with additional information.

Source: https://geonovum.github.io/imkl2015-review/IMKL2.x/1-dataspecificatie/#u
ml-diagrammen

2.3 related work in the field of utility network-
síntegration

All the models mentioned above are the basis for the simulation, integration, and
analysis of the underground utility networks existing in the fields of the urban envi-
ronment. There are several types of research that attempt to check the maturity and
potentiality of the existing models (e.g. CityGML Utility Network ADE, INSPIRE)
as appropriate data models for underground utility network features related to
above-ground city objects. From 2018 to 2020, relevant research has been done in
the field of the (3D) modeling of utility networks. Below are presented examples of
these research focusing on the practical application of underground network mod-
eling, using disparate data sets applied in different areas (study cases).

2.3.1 Rotterdam case

In this research, the aim was the three-dimensional modeling of underground util-
ity networks for integrated management applications, considering networks’ rela-
tionships with the city objects [den Duijn X. et al., 2018]. Specifically, the city of
Rotterdam, the Netherlands, was selected as a case study area and then a further
selection was made regarding the types of utility networks used for the practical
application. These utility networks are associated with electricity and sewer data,
and city objects directly related to the use of the networks were also used, such as
streetlights and manholes/covers. The methodology followed in this case has as a
starting point the available data in ESRI shapefile format, which were then exam-
ined and evaluated in terms of their content. Based on the existed inconsistencies
different software and tools were used in order to manipulate spatial operations and
handle the data structure as well as their content. In the end, an XML-based file
was generated that included the information needed in order to follow the CityGML
Utility Network ADE model and the corresponding UML diagram rules and rela-
tionships. Additionally, in terms of the datasets, a 3D city model of Rotterdam

https://geonovum.github.io/imkl2015-review/IMKL2.x/1-dataspecificatie/#uml-diagrammen
https://geonovum.github.io/imkl2015-review/IMKL2.x/1-dataspecificatie/#uml-diagrammen
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was also used, given in CityGML format. Once the data were processed, they were
stored in a database, 3DCityDB (https://www.3dcitydb.org/3dcitydb/) , to which
some routing functionalities were implemented. The result of this research was the
successful representation of utility networks in a third dimension, integrated with
the corresponding network elements. In conclusion, it is noted that the CityGML
Utility Network ADE model is suitable for supporting such applications, but the
existing data need to have the structure supported by it. However, there is a need
for further investigation since there are several other types of relationships that did
not consider in this research [den Duijn X. et al., 2018].

2.3.2 Singapore case

The main objective of this research was the proposal of a framework capable for
the underground utility networks workflow organization from the survey phase to
data use [Yan et al., 2018]. In order to achieve this goal, the city of Singapore was
used as a study area. The paper lists the problems limit the possibility of the direct
visualization and management of underground utility networks in the third dimen-
sion. Some of the problems are the two-dimensional state of the utilized data, the
absence of information regarding the location of the pipes/cables and the respective
depths, while also in many cases only the very initial information was available, not
the as-built condition. Based on these drawbacks, it was proposed the development
of a 3D model which tries to fill existing gaps regarding the availability of this in-
formation to different users (e.g. stakeholders, government agencies) as well as the
support to cadastral management of the underground utility networks. In order to
create a reliable model, it was emphasized that accurate data collection is needed,
to replace the existing ones (of poor quality) and then the use of a model that can-
not only represent the 3D utility network but also its corresponding topography.
CityGML Utility Network ADE was proposed as a suitable model, with the only
limitation being the fact that the surveying method followed for data collection is
not taken under consideration [Yan et al., 2018], while IFC model was mentioned
as a second suitable model, with the limitation this time being the lack of spatial
information. On the contrary with the above mentioned research, this was more a
theoretical research, proposing only the basic steps needed in order to develop the
desired 3D model of the underground utility networks.

2.3.3 University of Twente case

In this research, the attention was paid to the demonstration of the underground
utility networks in order to show if it is supported and how a typical street recon-
struction project, using CityGML Utility Network ADE with the extra support of
the Operation & Maintenance Domain Ontology [Fossatti et al., 2020]. The exam-
ined are in this research, is a part of the University of Twente. The datasets used
concerned two types of utility networks the gas low pressure (GLP) and district
heating supply and return the corresponding (DH) networks, as well as a Digital
Elevation Model (DEM) of the study area. The methodology followed in this case
consists of four basic steps, which concern:

• The extraction of the relational database that was used "as the backend of the
system using the Unified Modelling Language (UML) class diagram of the O&M
Domain Ontology" [Fossatti et al., 2020].

• The processing of the data to fix existing inconsistencies (digitization errors),
in order then to draped them over the DEM.

https://www.3dcitydb.org/3dcitydb/
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• Additionally to the previous step, a semantically transformation on the data
took place and they were loaded in the end into the database.

• The last step concerned the visualization of the results with the help of a GIS
application.

In each of the above mentioned steps further processed was implemented based on
the complexity of the problem in combination with the existed information. From
this research it was made clear the possibility of the O&M Domain Ontology to sup-
port a typical and real asset management tasks (in combination with the CityGML
Utility Network ADE) and among others, it was highlighted the importance of hav-
ing a large amount of data in order to support network operation and maintenance.

2.3.4 Nanaimo (Canada) case

In this research, it was presented the works implemented for the examination of
the state of maturity and suitability of the CityGML Utility Network ADE. The ori-
entation of this research differs slightly from the others since attention was paid
to the interaction with the extended 3DCityDB and to Routing Analysis. However,
in the methodology followed in order to test the suitability of this ADE, they were
highlighted the advantages of the model as well as the way that it supports utility
networks. The datasets used for that purpose concerned the water network of the
city of Nanaimo (Canada), available in ESRI shapefile format, and the Digital Ter-
rain Model (DTM) of the study area. The different layers in this case were stored
in the 3DcityDB (https://www.3dcitydb.org/3dcitydb/) and thus the data had to
be implemented as a database schema following the existing rules available in that
geo-database. Apart from the direct mapping, they were tested some routing func-
tionalities with the help of PostgreSQL/PostGIS (https://postgis.net/) extension
pgRouting. Here it was highlighted the advantage of the CityGML Utility Network
ADE to explicitly define the topography and topology of the available data and
the fact that it is a versatile model capable to be used in multi-network modelling
[Boates et al., 2018].

2.3.5 Summary

From all of the above, it is observed that all cases shared some information about:

• The existing problems related to the data (qualitative-quantitative).

• The main model used to implement the mapping, which was the CityGML
Utility Network ADE.

The common denominator of all the data used was their non-interoperable format,
their incomplete content, the existing inconsistencies both in terms of geometry
and topology, and finally, the fact that it was tried to be mapped the underground
condition following CityGML Utility Network ADE rules. Based on the above, the
techniques followed were similar and concerning conversions to other -compatible-
formats, critical decisions regarding the content of the datasets and the informa-
tion that should be discarded as well as spatial operations that needed to be im-
plemented in order to obtain topological correct datasets. All the changes that
took place, in the datasets, were guided by the UML diagram accompanied by the
CityGML Utility Network ADE model. The conclusion from all the research is that
in order to implement a complete or potentially complete model it is necessary to

https://www.3dcitydb.org/3dcitydb/
https://postgis.net/
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gather a lot of information and data and combine them appropriately to achieve the
final goal (modeling of underground networks). The common problems mentioned
in the above research were addressed in the present thesis as well. The challeng-
ing situation of the data was expected to a certain extent due to the neglect of the
characteristics of the underground utility networks, both in theory and in practice,
since the attention was paid mainly to the above-ground simulations [Emgard and
Zlatanova, 2007]. The methodology developed in this thesis was inspired by the
above research.





3 M E T H O D O LO GY

The research approach utilized in this MSc. thesis is divided into seven steps, de-
scribed in seven respective sections (Figure [3.1]), starting with the preparation of
the current research and the data collection process, which are followed by their
analysis in terms of quality, quantity as well as spatial nature. Based on the results
of this analysis, the data are to be integrated and cleaned at the same time in order
to reconstruct their content in terms of attributes, geometry and topology. This step
is followed by the creation of a relational database used to store the spatial infor-
mation, as well as to further analyze them. Finally, the case study application is
implemented and further discussion of the results and recommendations for future
studies are to be formulated. Each module’s thorough description is covered in its
own section below.

Figure 3.1: Overview of the proposed methodology

3.1 research preparation

The first step of the research implementation was the definition of a clear research
question, as well as sub-questions accompanied by the identification of the study’s
broad scope. Specifically, starting with a literature study (see Chapter2) the above-
mentioned points were defined, which constitute the guide of the whole research.
Based on them, the data required to construct the desired model, as well as the
approaches that must be implemented to modify and make them usable were iden-
tified. For the data handling, different tools and software were used that were
both open sources and/or required licenses. Regarding the former ones, they were

19
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QGIS, Python programming, PostgreSQL, and PostGIS, while as far as the latter
one is concerned, was the Feature Manipulation Engine (FME).

3.2 data collection

To start implementing any data-based application there is the need for gathering a
set of data relevant to the application, which would be capable of meeting its needs.
In the case of the current thesis, where the attention is on the underground utility
networks, a corresponding dataset used, provided by the Directie Campus & Real
Estate Department of the Delft University of Technology. In more detail, the data
concern underground utility networks of different types (pipes/cables) existing in
the wider area of the TU Delft Campus, that constitutes the study area/case study.
For further analysis, however, it was selected a limited part (subset of the under-
ground facilities), taking into account the amount of the available information and
its content. All the information is stored in vector data structure that comprises
lines/edges and points/nodes, to which are attached a set of attributes/entities.
The vector data are geo-referenced in the Dutch reference system, which is the
Amersfoort/RD New Netherlands. The attributes of that reference system are:

• Geodetic CRS: Amersfoort

• Datum: Amersfoort

• Ellipsoid: Bessel 1841

• EPSG code: 28992

In addition to the provided data, raster data was used concerning the Digital Terrain
Model (DTM) as well as a 3D city model of the study area in geo-package format
(derived from (https://www.pdok.nl/introductie/-/article/actueel-hoogtebe
stand-nederland-ahn3-) and (https://3dbag.nl/en/download) accordingly). In
the raster case, each pixel corresponds to a continuous elevation value, which was
necessary for enriching the data with the 3D information, while the second dataset
was used for the integration of the underground information with the terrestrial
(city) objects.

3.3 data requirement analysis

Considering that the current thesis is focused on the representation of the under-
ground utility networks, a specific piece of information is needed for the reflection
of the existing condition of the networks. A different application would demand
distinct requirements based on the related needs. These requirements concern their
semantics, attributes, dimensions, geometry, relationships as well as other informa-
tion describing the real-world object that is to be transferred in digital form. For
underground utility networks, the requirements are determined by the objects that
make up the different networks. For example, in sewage network (thesis case study)
case, is comprised of the pipes, manholes as well as the destination network element
(e.g. appurtenances) they are connected to (e.g. building). For these objects, it is
necessary to obtain the complete (as much as possible) knowledge of their charac-
teristics (attributes), in order to acquire a complete model. These attributes should
be able to describe the network elements (pipes, connection points) in terms of

https://www.pdok.nl/introductie/-/article/actueel-hoogtebestand-nederland-ahn3-
https://www.pdok.nl/introductie/-/article/actueel-hoogtebestand-nederland-ahn3-
https://3dbag.nl/en/download
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their usage, geometry, topology as well as the between them relationships (Figure
[3.2]). In more detail, a network topology or infrastructure, as well as the function
for which the network is planned or constructed, are two essential "components"
of every network [Mieghem et al., 2010]. A network topology describes how ele-
ments, known as nodes, are linked together to form a network. On the other hand,
network service (functionality) employs network infrastructure to transfer goods be-
tween a collection of nodes. This transportation (of the included on the pipes/cables
pipes) depends on the framework that defines the parameters for each application
[Mieghem et al., 2010]. Both network components (topology, service) is possible to
have their own particular qualities and requirements. Thus it is necessary to have
the information related to these features for being able to construct and represent
the existing underground networks condition (reality simulation).

Figure 3.2: Data specification/requirements

Inspired by: [Mieghem et al., 2010]

Specifically, regarding the attributes, is required for the type (usage) of the network
to be clarified as well as the types of sub-categories (if exist). Spatio-temporal in-
formation about the construction date accompanied by the current status of the
network (in use or out of operation) is an additional requirement, since networks’
topology and functionality are (typically) time-variant and is important to keep
track of changes. In addition to this, a general textural description about functional
characteristics is considered crucial information (metadata). Other attributes essen-
tial to be known are the capacity of the pipes, the dimensions of the available objects,
as well as the flow direction or relevant information about gravity that would allow
for the detection/calculation of ground inclination thus, the flow direction could
be defined. Another critical point is the information related to the location where
the pipes are placed beneath the ground (depth- Z information for underground
objects) as well as the related reference surface used for that determination (X, Y, Z -
3D information). In addition to the location, the coordinates of the significant points
(surface points that the pipes/cables are connected with) are important in order for
the whole network to be correctly geo-referenced. Referring the geometry of the net-
work elements, it is vital for the shapes and the corresponding length information
to be recorded. In this way, by visualizing the data, using available tools/software,
a general view of the size and volume of this infrastructure is obtained. Finally, as
far as the topological information must be stored in the data attributes is concerned,
should include both pipes connectivity as well as the relationships they have with
neighboring pipes and/or other network elements (connection points). The con-
nectivity between different networks and/or network points (e.g. manholes) can
be achieved with the use of specific fields that will internally connect the related
information (e.g. in terms of the primary and foreign keys).

Considering the above-mentioned points related to the data specifications/require-
ments that utility network data should have, through the analysis that made on the
datasets used in the present thesis, attention was paid to the existence, degree of
completeness, quality and quantity of them.
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3.4 data analysis

To understand the data and their content it is necessary to traverse through their
stored information (e.g. attributes). Any set of data is distinguished for its com-
pleteness, both qualitatively and quantitatively. Starting with the quality of the
data, we refer to the elements that characterize them; metadata (transcription) that
give a description of the content as well as to its completeness (e.g. clean data free of
useless/ redundant and/or irrelevant information- or even wrong) [Lacey and Luff,
2007]. The qualitative analysis of the data includes, also, the organization based on
their content or internal connection, in order to be able to retrieve them. Having
completed these steps, the process of getting acquainted with the material has es-
sentially begun and therefore it is possible to start doing some preliminary coding
in order to process them so that they serve our purpose and make the dataset reli-
able and valid according to existed standards [Lacey and Luff, 2007]. As far as the
quantitatively analysis of the data is concerned, we refer to the process followed to
collect and analyze numerical data (see Tables 3.1, 3.2). In more details, the atten-
tion this time is paid mostly on finding patterns, predictions, as well as cause-effect
relationships between the variables to be studied [VoXco, 2020].

During both stages of the analysis (quantitatively and qualitatively), it was made
clear that the provided datasets were not ready for use as their content was vague
and/or incomplete. Specifically, the data were given in a geo-package format, con-
taining the vector data themselves, which were not accompanied by metadata de-
scribing them. For this reason, their contents were analyzed, traversing through
the related attribute table, in combination with the visual comparison in the envi-
ronment of the software: QGIS version 3.16 and FME Workbench version 2021.1.1.
During this examination, attention was paid to all of the included units accompa-
nied by their units of measurement (if available). In more detail, the provided data
concern sewage pipes, and cable networks concerning electricity, gas transmission,
telecommunication network (signal cables) as well as other particular elements that
are relevant to the use of the networks and constitute connection points between
them (e.g. water pumps connected with fire pipes). Considering the desired in-
tegration of the underground utility networks with the above-ground objects, the
analysis of their content was divided into three parts:

1. Attributes: All the attributes stored in the datasets were examined and atten-
tion was paid to the existence of the three-dimensional information regard-
ing the Z coordinate (the depth at which the networks are located -and/or
mapped/registered), or relevant semantic height information. Additionally,
they were reviewed in terms of their completeness and logical values.

2. Geometry: The geometry of the datasets were examined to make a clear dis-
tinction between the stored features and their shapes.

3. Topology: The topology of the provided datasets was the most crucial part
of the initial analysis since it provides a detailed overview of the connectivity
between the features stored in the vector data.

A visual example of the provided datasets and the study area is given in Figure
[3.3], [3.4] as well as in Figure [3.5].
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Figure 3.3: TU cable/ pipes network (e.g gas, electricity)

In Figure [3.3] are depicted the different types of cables and pipes located in the area
of interest. Specifically, there are thirteen (13) types concerning (e.g.): data transport,
gas (high and low pressure), cooling and heating network, low and medium voltage, petro-
chemical, sewage network, drainage, drink water and ’other’ (e.g. left over) pipes.

Figure 3.4: TU Sewage network pipes
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In Figure [3.4] is illustrated the sewage network existing in the study area. This
network includes nine (9) sub-networks concerning sewer pipes, drainage network,
infiltration sewer, fire sewer pipe, field/plot pipes, pressure and overflow pipes as well as
diver and unknown use pipes.

Figure 3.5: TU Sewer network appurtenances

Finally, in Figure [3.5] is given an example of the (sewer) network element points/n-
odes with whom the sewer pipes of the same use are connected and/or come across
with sewer pipes of different use.

3.4.1 Attributes analysis

Considering the format of the data structure of the datasets (vector data), informa-
tion for their content can be extracted from the associated attribute table since no
metadata was available. The absence of metadata affects the immediate acquain-
tance with the data since they are not accompanied by a description of their charac-
teristics and their management through time. Therefore the only source of informa-
tion for the data and its content is the features stored in the corresponding attribute
table. Reviewing this table, it was observed that in all of the available datasets, there
was a list of fields that describe the current state of the utility networks, in terms of
their type -usage-, a relative height in relation to a reference surface, status (if they
still exist or not), length and width as well as other construction information (e.g.
cable/pipe dimensions and material, date of construction etc.). An example of the
form of an attribute table is given in Figure [3.6].
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Figure 3.6: Example of existing fields and attributes

In the Figure above are illustrated, among others, the different types of the sewage
network (Type_Riool e.g. Rioolstreng= Sewage pipes, Infiltratieriool= Infiltration
sewer) and the two types of identifiers (OBJECTID, GlobalID), which are unique
identifiers per attribute. However, these recordings are not all up-to-date, while
others are generally not available or even unknown. Specifically, the existence of
empty records (NULL values) can be observed or of invalid information (e.g. "8888",
which is not a valid value). In addition, the unit of measurement of the data that are
physical quantities (measurable) is not distinguished from the table, something that
makes it more difficult to perceive their real size, while in the case of different units
between the different quantities, confusion is created. Traversing all the attribute
tables from the provided datasets it is noted that only 2/6 datasets contain some
fully completed information while the rest are incomplete, with missing records
(Table 3.1).

Table 3.1: Data statistics

Dataset/
completeness

Total number
of rows

Rows with complete
information

Rows with incomplete
information

TU Cable or Pipe line Z 1407 - 1407

TU Cable element point Z 912 34 878

TU Cable pipeline Z 1407 - 1407

TU Sewer knot point Z 1986 - 1986

TU Sewer line Z 2080 19 2061

TU pipe element point Z 1038 - 1038

It is noted that the above table strictly presents the information that is available
or not in the datasets, without separating its correlation with information related
to the current application. The information that is considered directly related to
the present application- underground utility network 3D integration- is the length-
/shape of the underground pipelines, the coordinates of the corresponding point
elements, their date that indicates if the data is up to date, their usage (type) as well
as semantic height information. As mentioned above the provided datasets concern
both edges (lines/polylines) as well as nodes (points) of different uses. These two
geometries seem to be connected with each other depending on their use. For ex-
ample, in the sewage network, there are different sub-categories of pipes such as
the fire pipe network, plot connection pipes, gully pipes and others. Fire pipe net-
work is connected, among others, with some nodes corresponding to water pumps
(-extinguishers).
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This connection is a logical/physical connection between the fire pipe network and
the corresponding nodes and it can be seen in Figure [3.7]. However, in terms of the
attributes stored in their attribute tables, these two datasets are not connected, inter-
nally, as far as primary and foreign keys (shared attributes) are concerned. In more
detail, if the two datasets included information that would allow for their internal
association, the logical connectivity would be able to get implemented topologi-
cally, and thus the analysis, as well as their management, would be more efficient
and representative. The initial condition of the datasets did not allow for that in-
terconnection and thus a different approach had to be implemented (see Chapter
3.5).

Figure 3.7: Connectivity between nodes and edges of same/relevant use

In addition to the above remarks about the data, there were errors that have a direct
impact on their understanding. An example of this situation is shown in Figure [3.8],
where the location of the pipe does not correspond to reality. The point that stands
out (lower level) and corresponds to the incorrectly written coordinate Z = 32 (m)
cannot be located at this level, taking into account the overall form of the network.
At this point, this incorrect information existing in the data was either skipped
(manual modifications) or fixed based on the frequency, in which this information
appears on them.
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Figure 3.8: Incorrect topology derived from incorrect, input, attribute

3.4.2 Geo-spatial data

Moving forward the analysis, to the extraction of the 3D information, it was ob-
served that only a few records of the datasets provided indeed 3D information
(depth- Z-coordinate). Specifically, with the help of Feature Manipulation Engine
(FME) software, the coordinates included in the geometry of the datasets were ex-
tracted and by implementing a statistical analysis, Table 3.2 was created.

Table 3.2: 3D vs 2D information

Dataset/
completeness

Total number
of rows

Missing Z
coordinate

Zero Z
coordinate

Existed Z
coordinate

Percentage of existing
3D information

Percentage of existing
2D information

TU Cable or Pipe line Z 1407 0 1361 46 3.27 % 96.73%
TU Cable element point Z 911 0 909 2 0.22% 99.78%
TU Cable pipeline Z 1407 0 1361 46 3.27 % 96.73%
TU Sewer knot point Z 1986 0 1954 32 1.61% 98.39%
TU Sewer line Z 2080 2 2048 30 1.44% 98.46%
TU pipe element point Z 1037 0 1005 33 3.18% 96.91%

To make the comparison clearer, in the below chart [3.9] it can be noticed that less
than 4% contains 3D information in terms of the Z coordinate, which corresponds
to the depth of the pipes. That means that a direct 3D modeling of the underground
utility networks is not possible and thus ancillary data should be used in order to
assign the third dimension information to the existing objects.

Figure 3.9: Availability of nD-information
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From Table 3.2, however, it can be observed that datasets, provided by the TU Delft,
cannot be characterized as 3D. They are mainly 2D with some exceptions. Still,
given the lack of information about the units of measurement, the reference surface
as well as their concurrent validity, the information provided as Z coordinate cannot
be considered completely reliable. Continuing the research regarding the available
height information, it should be mentioned that apart from the Z-coordinate corre-
sponding to the depth specification, on the datasets some semantic height informa-
tion was apparent. This information relates to a reference surface (which, however,
is not known), as well as to nodes concerning starting and ending points (Table 3.3).

Table 3.3: Semantic Height information

Dataset/
height informaion

Total number
of records

Relative
level

Height
(Z-coordinate)

Height
bottom

Height
top

Height
begin

Height
end

Unknown information
TU Sewer knot point Z 1986 553 1953 1780 803 - -

TU Sewer line Z 2080 - 2048 - - 1431 1499

Known information
TU Sewer knot point Z 1986 1433 34 206 1183 - -

TU Sewer line Z 2080 2080 32 - - 649 581

Table 3.3 presents the amount of available information about height. However, it
cannot be used without concerns since a description of the reference surface or ref-
erence point is absent. Moreover, in the same data set, this information cannot be
combined to reach a conclusion about the exact third dimension as at first glance
they do not show any correlation or it does not make sense. An example of the
limited 3D information is depicted in Figure [3.10], where the differentiation of net-
works in terms of depth layers can be seen. However, considering that the majority
of the rest pipes are located at the same level, this single part may be ’left-over’ or
is placed, indeed, at the correct underground location. In any case, while missing
the knowledge about the reference surface (after personal discussions with the data
provider) and the exact length of the pipes (that could be a means of distinction
between actual pipes and left-overs), assumptions were made.

Figure 3.10: Visualization of the existing 3D information

3.4.3 Topology

As far as the topology of the existing networks is concerned, we refer to the way
in which both the networks are arranged to relate to each other and to the relevant
points of interest (nodes) and thus, how this relation can be depicted in terms of
physical and logical connections. More analytically, topology defines a set of data
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integrity rules that, for example, do not allow gaps between lines and points of the
same use (connectivity), it allows for the creation of relationship queries and navi-
gation as well as supports feature construction derived from no-structure geometry
[FME, 2020]. The available networks can be characterized by a set of lines (polylines)
that are interconnected either continuously or distinctly. However, these lines are
not accompanied by information about their starting and ending point -topological
nodes-, while information about the crossing points (if existing), with pipes of dif-
ferent use, are also absent. Here was made a distinction between the nodes and
their use. In more detail, when talking about topological nodes we are referring to
those points that are located at the beginning and end of the network edges (did
not exist in the provided data), and have been extracted using the available trans-
formers from the FME software. On the other hand, we will refer to survey/measured
points as those points present in the provided datasets and concern the nodal net-
work elements that are connected with the existing networks based on their use (see
Chapter 3.5)- appurtenances.

Analyzing further, the underground networks in terms of the connectivity with each
other (networks of the same use and/or not) as well as with the respective survey
nodes, a series of inconsistencies were observed. An example is given in Figure
[3.11], where it can be noticed that the lines represent the Plot connection pipes are
not connected with the survey nodes crossing the main Sewer pipe.

Figure 3.11: Example of topological inconsistency- overshoots/undershoots

In this case (Figure [3.11]), they have presented two types of topological errors that
violate the (connectivity) relationships between the datasets. Specifically, starting
from the left line and moving to the right one, there are three different cases. The
first case concerns a line that ends beyond the point it should connect to (overshoot);
in the middle case, the line does not meet perfectly at the node located in the sewer
pipe (undershoot -including a gap); and finally, the last case (right line) is presented
the connection as it should be. These errors arose from the digitization process
followed during the creation of the original data and since they have not been
corrected the error is transmitted from user to user making it difficult to understand
and analyze them immediately. Another concrete example of an error is illustrated
in Figure [3.12], where it can be seen the discontinuity of the lines of the same use
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(electricity- purple lines), as well as in Figure [3.13], where it can be observed the
off-set of the pipes in accordance to the survey nodes that they should connect with.

Figure 3.12: Example of topological inconsistency- discontinuity

Figure 3.13: Example of topological inconsistency- dis-junction

During the thorough analysis of the data content by network category, it was dis-
covered that there was a significant amount of discrepancy. For this reason, for
further analysis, cleaning, and use for the present application, it was chosen to use
one of the available categories of underground utility networks and in particular
the sewerage network, including its sub-networks (see Chapter 4).
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3.5 data processing and cleaning

3.5.1 Attributes management

Once the existing inconsistencies in the content of the data were identified, the
approaches followed for their processing and cleaning were based on the differ-
ent categories of the stored information. These categories relate to the attributes
of the datasets and the corresponding geometry and topology. Starting from the
first family of problems, it is noted that no modifications were made to the exist-
ing attributes, on the contrary, some additions were made to separate the included
information into subcategories based on the types of networks. The additional at-
tributes created are related to unique indicators, which characterize the different
sub-categories of the main sewage network as well as elements that belong to them
(edges, network elements -nodes-). The ultimate goal of creating unique identi-
fiers (id/s) per network category is to develop structures capable to be supported
in a database environment. In our case, where the datasets are interdependent
(networks- network elements), a relational database structure is to be developed
for storing, managing, and accessing data information. The construction of well-
organized datasets is critical for further spatial analysis, since the access to their
content as well as the creation of links between them become more efficient and
effective, while with the creation of interdependencies (nested id/s), all the infor-
mation about connectivity, encapsulation, and continuity is recorded [Lloyd, 2010].

The steps followed to uniquely identify the networks are shown in the below flowchart
(Figure 3.14):

Figure 3.14: Identification of unique ids per network element

The flowchart [3.14] consists of a graphical representation of the newly added fields
on the datasets that depicts the relationships among the datasets’ different entities
[Wang et al., 2019] and it can be considered as an entity-relationship diagram. This
is the starting point for the design of a database and a more efficient data handling
on them. It can be noticed that there appear different cardinalities between the
fields that are:
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1. A one-to-one relationship: In this case, one network is associated with a
unique ID, that is not shared with other networks.

2. A one-to-many relationship: In this case, since there are many sub-networks
corresponding to one network, the relationship is one-to-many. The same
goes for the relationship between the sub-networks and their edges. Here
many edges consist part of one sub-network, something that does not work
the other way round [Biscobing, 2019].

With the addition of these fields (see Chapter 4.4), it is achieved the creation of an
integrated table that includes the information from all the different, in terms of use,
entities. In this way, there is no need to create extra tables per network since all
the information is stored in the same layer. In addition to the differentiation of the
data based on their use, through the introduction of the mentioned fields, the basis
for the enrichment of the data with characteristics that are deemed necessary for
the observance of the existing standards and their specifications, is built. Likewise
spatial information, their coding serves to transform them into a more formal for-
mat (standard format) capable of being used by different users, helping them to
perceive existing relationships more directly. However, this is a starting point for
improving the content of the data, as other changes and additions are also necessary
(see Chapter 6), for the existing information to be useful and immediately usable.

3.5.2 Repair geometry

Moving forward to the second family of inconsistencies concerning the geometry
of the provided datasets, both datasets (networks, network elements) had to be
modified. As it has been mentioned above, the representation of the available geo-
graphic features has been made using points and lines. Regarding the former one,
they are used in order to represent network elements, for example, fire hydrants
that should be connected at a specific point, on the earth’s surface, with the cor-
responding fire pipe networks. The position of this element is determined by its
coordinates in space and its connection to the corresponding pipe is achieved by
the respective user who created the data. However, the connection of the attributes
included in the one dataset as well as the connections between the different ones
(lines-points) was not captured precisely and thus the inconsistencies mentioned
above arose. To tackle that problem, judgments about the better representation of
the available geographical features information were made, based on what is in-
herently right in the case of utility networks. It should be mentioned that all the
modifications that took place concern, mainly, the re-location of the existing fea-
tures in order to cross/touch each other at the assumptive correct locations, while
no simplification techniques were implemented, keeping the original geometry of
the datasets immutable. Additionally, considering the nature of the errors, it was
not possible to find a generalized solution/algorithm capable of remedying all of
them. For this reason, manual modifications were implemented at a certain extent,
since the overall improvement of the datasets is beyond the scope of the current the-
sis. Nevertheless, a significant degree of change has taken place in order to produce
a coherent network that includes logical connections between its components.

All the inconsistencies mentioned above (Chapter 3.4) became distinct, also, in the
case of the selected network (including sub-networks) with a higher frequency of
occurrence of the wrong representation of the existing topological relationships.
The objects that should be connected to one another are displayed separately or
many overshoots and undershoots are present and thus the information about their
connectivity is missing. Thus the geographical information has not been encapsu-
lated precisely. With the help of QGIS and FME software, the datasets were visual-
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ized and cross-referenced to detect existing inconsistencies. To made the self-made
changes clear, an extra field - Comments - was added to the attribute table of original
datasets, noting each time the type of change was made (creating a new object or
re-locate it). Some examples of the changes that were implemented are given in the
Figures below (Figure 3.15, 3.16) and involve modifications to both the network data
and the data contained in the survey points. The changes were not made abruptly,
but after consultation and internal discussions with the data provider of the un-
derground utility networks. In particular, several meetings were held to clarify the
correctness of certain changes. However, some changes were made on the basis of
assumptions and following some existing patterns in the pipeline connections, as
the provider was not fully aware of the as-built condition of the datasets. In order
to identify the various inconsistencies to the selected for further analysis network,
the main (sewage) network was divided into its subcategories, from which an addi-
tional separation was made, where were maintained only networks that contained,
as already mentioned, the most information (quantitative). Each network was stud-
ied separately (Figure [4.4, 4.5] - Rioolstreng network), modified to some extent, and
finally, the networks were combined with each other, based on their physical con-
nectivity (geographical information), and changes were implemented again where
necessary.

Figure 3.15: Example of fixing digitization errors- network

Figure 3.16: Example of fixing digitization errors- network elements

In the above Figure, it can be observed the digitization mistake existed in the orig-
inal datasets (left image), while in the right one it can be noticed the modification
made in order to achieve the connectivity of the network and the correct geograph-
ical representation.
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3.5.3 Topology reconstruction

The reconstruction of topology includes, substantially, all the modifications related
to the attributes, geometry, and finally topology (in terms of connectivity) in the
data sets. As in the previous families of inconsistencies, also here the data were
modified to match the needs of a topologically coherent network. The procedure
followed for this purpose is illustrated in the following flow chart (3.17). In the first
stage, the two datasets were processed separately and eventually integrated with the
development of internal relationships. The goal is to create a single network that
will be enriched with new attributes that will allow for a more efficient use for fur-
ther applications. To do so, the information about both the connections between the
entities and nearby relationships must be preserved in the existing topology. Tak-
ing into account the different nature of the available datasets, distinct approaches
were followed for their topology optimization. Specifically, for the point dataset, the
coordinates per point are sufficient for their representation as well as their spatial
association with the other objects (e.g. neighboring lines/pipes). Things get more
challenging when it comes to the representation of line topology and its relation-
ship to these points (survey points). The nodes that lie between the available arcs
must be recorded in a compatible format (Figure 3.18) for line topology representa-
tion that will allow for understanding the continuity in the network as well as the
direction of its edges/arcs.

Figure 3.17: Topology reconstruction flowchart

In Figure [3.18], below, it is given an example of how the connectivity between
the available arcs of a network should be presented in an attribute table. All the
edges are characterized by a unique identifier (primary key) and they are connected
with at least two nodes that illustrate the direction. The latter information can
be extracted by reading the Node From and Node To fields that indicates the start
and end points per edge. It can be observed, however, that there are some extra
points (vertices- yellow circles) in the middle of some edges that do not correspond
to the line representation. Taking into account the second set of data, containing
points, these may/ or are not be located at different places than the nodes that
characterized the edges themselves. This addition was made in order to make clear
that the topological relationships existing between the same dataset may differ from
the ones that should be reconstructed to meet the needs per application.
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Figure 3.18: Line topology representation

The reason for which the optimization and cleaning of the data were sought, is the
possibility to be transferred from the geographical representation to a topological
graph. In the former case, the data are represented as separate physical entities, as
they are presented in reality (regardless of designing errors), while in the latter case
it is obtained a coherent network in which the intermediate connections (e.g. with
sub-networks and/or survey points) are achieved with nodes, which represent the
physical objects [Rawat, 2021]. In a topologically cohesive network, its extremities
for every individual edge that make it up will be linked to a single node, as well as
to additional edges that are also connected towards that unique node (if not a dead
end) [Obe et al., 2017]. Once this connectivity is achieved then the full transmission
from the geographical representation to a topological graph is possible to be made.
In the case of the utility network data used in the current thesis, both the connectiv-
ity (e.g. disconnected pipes) was absent as well as the nodes related to their edges.
As a result, the process of understanding the relationships and interdependencies
(if any) as well as their differentiation in terms of their use becomes more difficult.
A noded network consists the basis for the construction of a meaningful topology
since it allows for routing services that are critical in applications such as disaster/e-
mergency management as it makes it possible to predict, for example, the lowest
risk path for a given pair of source and destination. This actually indicates that
where two or more utility network subcategories connect, there must be a node
at the intersection, and all network segments must be broken at the intersection,
assuming that navigation (e.g. flow direction) from any of these segments to any
other segment via that intersection is possible.

However, at this point it should be mentioned that although the creation of a noded
graph is of vital importance, in the case of underground utility network its creation
becomes more complex. There are different circumstances where the creation of a
fully noded network is not the optimal course action. A concrete example is the
existing sewer network, which include pipes that overpass and/or underpass and
intersection and thus the network ended up with redundant information for those
crossings. Here it becomes more apparent the value of having the 3D information
available. In the before-mentioned case, the pipes are treated as if they are flat (in
the 2nd-dimension). Therefore, regardless their use, they are presented to intersect,
which points to a completely wrong representation of reality. To tackle this problem,
2D data should be enriched with the corresponding 3D information to differentiate
the levels that the pipes are located.

The procedure for extracting these significant nodes is described below (see Chap-
ter 4). Once this information was also stored in the data attribute table, it was
possible to move forward to the creation of the 3D model, which includes both the
topological nodes associated with the points dataset.
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3.5.4 Digital Terrain Model & 3D BAG data process

To make the transition of the underground utility networks from 2D to 3D, a Dig-
ital Terrain Model of the study area was used. This model, in raster format, was
obtained from PDOK (https://www.pdok.nl/introductie/-/article/actueel-ho
ogtebestand-nederland-ahn3-) and includes information about the height values
of the wider area of the TUD Campus (Figure [3.19]). Specifically, two tiles of 0.5m
resolution were downloaded (M_37N2 and M_37N1) and then they clipped based
on the bounding box of the utility network datasets (Figure [4.13]).

Figure 3.19: Digital terrain model of the study area

Once the topology of the existing underground utility networks is restored, the next
phase of the thesis on their connection to above-ground objects (eg buildings, city
furniture - if any) has progressed. Information on the latest reported objects comes
from the 3D BAG platform (https://3dbag.nl/en/download), which provides
open data information on existing buildings in the Netherlands, at different levels
of detail (LoD 1.2 to 2.2.). In our case, the specific tiles covering the area of interest
were selected, given in GeoPackage format (Figure [3.20]). In order to combine
this information with the underground utility networks, only the footprints of the
buildings were preserved, as they are the connecting link with the underground
installations (Figure [3.21]).

https://www.pdok.nl/introductie/-/article/actueel-hoogtebestand-nederland-ahn3-
https://www.pdok.nl/introductie/-/article/actueel-hoogtebestand-nederland-ahn3-
https://3dbag.nl/en/download
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Figure 3.20: Part of the 3D BAG - assigned to the study area

Figure 3.21: Footprints of the buildings of interest

Source: 3D BAG

To create a complete model and to achieve the connection of the underground utility
networks with the above-ground buildings that they serve, the geographical infor-
mation from the latter had to be transformed into a topological representation. In
the former case, the building is represented by a point corresponding to its center
of gravity (centroid). It should be noted that for the connection of the networks
with the respective building they served, the topological nodes were used instead
of the survey points. This distinction was made due to the incomplete and/or in-
accurate description of the survey data. When processing the data, the topological
nodes were correlated with the survey points based on proximity techniques (spa-
tial overlay application), and this implies the transmission of errors, as there are
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cases where correlated points actually serve different purposes or the correlation
failed while they should be identified.



4 C A S E S T U DY- T E C H N I C A L
I M P L E M E N TAT I O N

4.1 case study- delft university of technical

To develop a use case application, it was necessary to select a research area (case
study), which was determined by the provided data, concerning the underground
utility networks. This area is part of the Delft University of Technical. Delft, is
a municipality of the South Holland province in the Netherlands (Figure [4.1]).
In the study area is located a variety of underground utility networks including
pipes, cable, and assets. A practical application for which the existence of such an
integrated 3D model is the practice of effective prevention and response to emer-
gencies/disasters and/or the proposed planning for the expansion of existing net-
works to provide services to new subscribers. As a disaster is considered to be
any significant disruption to the functioning of a community or society that has
far-reaching human, material, economic, or environmental consequences that go
beyond the capacity of the affected community or society to cope using its own
resources [UNDRR, 2016]. Specifically, given the direct connection of underground
utility networks to the objects of the ground surface, damage to the underground
condition directly affects the regular operation of the objects connected to them,
causing damage not only functional but economical as well. Therefore, the knowl-
edge of the existing network as well as its connectivity both with the terrestrial
situation and with neighboring networks is of particular importance. Having as a
starting point an integrated model that represents the physical geographical infor-
mation allows for both the prediction of possible damage as well as an immediate
action for its restoration. In particular, in case of pipe failure, it will be examined
which pipes are directly affected, suspending their operation and consequently the
service of the building they are connected simple topological routing acting as an
example for more advanced and sophisticated development.

Figure 4.1: Delft, the Netherlands

Source: Google maps

39
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Taking into consideration the amount of the input data in combination with their
existing inconsistencies as well as their quality/quantity, it was decided to use only
one category for further analysis and processing. Specifically, the selected network
concerns the underground sewage network, as well as the sub-networks that are
included, accompanied by the respective nodal network elements, such as appurte-
nances. Below, are given the two datasets used in the present thesis that concern
the sewage network itself as well as the corresponding network elements that are
related to sewage use, (Figure [4.2, 4.3] respectively). Later on, an additional sepa-
ration was made between all of the sub-networks, in order to examine those who
had the most information both in terms of features, quantity, and quality.

Figure 4.2: Sewage networks

Figure 4.3: Sewage network elements
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4.2 software and tools

Various software and tools were used to initiate the evaluation and further utiliza-
tion of the data provided. Specifically, Python was used for the primary analysis
(statistical analysis) of the different data sets, and QGIS and FME software were
utilized to get familiarize with their visualization. The former software was used
extensively during the data cleaning process, while the latter was used to further
process the data in order to correct the defects - geometry, topology, and attributes.
Furthermore, the PgAdmin platform, an open-source administration, and develop-
ment tool for PostgreSQL used, with the extension of PostGIS and pgRouting as
well. The PostGIS extension supports the storage and processing of spatial data in
the object-oriented PostgreSQL database, enabling geolocation queries in a struc-
tured query language (SQL). On the other hand, pgRouting provides location -
based routing as well as other network analysis capabilities, such as finding the
shortest route (e.g. Dijkstra), determine dynamically the "cost" by using SQL (the
quantity can come from numerous fields or columns) and flow calculations. During
the elaboration of the various stages of the methodology that was developed, a com-
bination of the aforementioned tools was made, each time intermediate elaborations
and changes were deemed necessary.

4.3 data familiarisation

As mentioned in the previous section, given the amount of the existing inconsisten-
cies and lack of metadata, a subset of the available utility networks were selected for
further processing and analysis. In the process of familiarization with the data and
their content, the data provider (Directie Campus & Real Estate Department staff- Jan
van Voorst Vader) made a significant contribution. A series of personal meetings
were held to explain the use of the networks and some of their features, contribut-
ing to a broader understanding of their content, as the information was provided in
Dutch, making it difficult to understand their features immediately and accurately.

From all the different categories of sewerage networks (10), it was chosen for further
analysis to use six (6) of them, the ones that contained the most information, and
for which their initial topology, in terms of connectivity, was less deficient.

The selected (6) networks concern:

1. Rioolstreng = Main sewer network: This is the main sewer pipe existing be-
tween two sewer wells. Its purpose is to transport wastewater and/or sewage
from buildings for treatment or disposal. The length of a sewer line can vary
from one meter to many tens of meters and is only limited by the need for
cleaning and inspection. The maximum length, therefore, depends on the
length that can be achieved with modern means for cleaning and inspection.
Usually, a maximum length of 60 to 90 meters is applied. The diameter of the
pipe is in many cases the same over the entire length of the string and usually
changes in sewer wells. The design is always based on a constant diameter
between sewer wells (Figure 4.4).

2. Drainage: Drainage pipes can be considered as a system used in order for
water or other liquids to be drained from a place. It ensures, actually, the
removal of excess water from the root zone of the soil [ELLINGSON, 2019],
and thus the corresponding liquid can be used for different purposes (Figure
4.5).
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3. Brandrioolleiding = Fire sewer pipe: This sub-network consists of perma-
nently filled sewer lines, connected to open water, for supplying fire extin-
guishing water (Figure 4.6).

4. Infiltratieriool = Sewer infiltration: In an Infiltration and Transport sewer or
IT sewer, the rain infiltrates underground through a geotextile (fabrics used in
geotechnical applications) wrapped, perforated, horizontal pipe in the ground.
To absorb heavy showers, the IT sewer can lead to an overflow facility on
surface water or the rainwater sewer (Figure 4.7).

5. Kolkaansluitleiding = Gully connecting pipe: The gully connection pipes,
which are present in large numbers in the network, direct rainwater running
from paved surfaces (such as roads and car parks) from the ravine to the waste
or rainwater drain (Figure 4.8).

6. Perceelaansluitleiding = Plot connection pipe: The main use of these pipes
in the TU Delft campus is to connect the existing buildings with the main
wastewater sewer (Rioolstreng) (Figure 4.9).

Figure 4.4: Rioolstreng/ sewer net-
work

Figure 4.5: Drainage network

Figure 4.6: Brandrioolleiding/ Fire
sewer pipe

Figure 4.7: Infiltration sewer pipe
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Figure 4.8: Kolkaansluitleiding/
Gully connecting pipe

Figure 4.9: Perceelaansluitleiding/
Plot connection pipe

In addition to the above mentioned networks, for the creation of the 3D model as
well as their integration with the above ground objects, a Digital Terrain Model
(raster) and a 3D city model of the study area used accordingly (see Chapter 3.2).

4.4 3d model creation

4.4.1 Topology restoration

The creation of a coherent model of underground utility networks requires, in addi-
tion to the existence of their third dimension corresponding to the depth of the avail-
able pipes/cables, a correct topological model that will reflect reality (geographic
information) and the existing connections between the various networks. A coher-
ent topology, as mentioned above, demands logical connections both in terms of
geometry and attributes, which will allow for the development of internal connec-
tions between data sets (e.g. by means of primary-foreign key relations in linked
tables representing different datasets).

Based on the geometric and topological inconsistencies found in the input datasets,
some manual edits had to be made in the first stage. These changes mainly concern
the re-positioning of existing pipes in places connected to other objects of the net-
work, whether they are pipes or survey points (see 3.5.1), as well as the addition (by
manual digitisation/drawing) of edges that contribute to the creation of a cohesive
network that supports the relation of pipes of the same use. It is noted that some
additional edges were created in the cases where pipes of the same network were
disconnected but they were located close to each other, thus their connectivity was
reasonable to be done. The necessity of a fully connected network serves the devel-
opment of navigation algorithms that help the direct identification of the immediate
affected networks and sub-networks, in case of failure and/or the development of
new network components (find connection points with the existing pipes). An ex-
ample of the re-location of wrongly located pipes is given in Figure [3.15] and [3.16],
while an example of the creation of the supported edges is given in Figure [4.10].
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Figure 4.10: Example of manually digitized edges- infiltration network

Taking into account that in the initial attribute table these edges would be a new
entry, an additional column - Comments- was created to easily distinguish them
from the initial dataset. In addition to separating the newly added edges from the
existing ones, the networks themselves should be separated based on their uses
(Figures [4.4, 4.5, 4.7, 4.6, 4.8, 4.9]) and therefore based on the various sub-networks
they contain (disconnected pipes of the same use). In order to achieve this hierar-
chical distinction, additional fields were created concerning first the different type
of networks. To create these additional fields, a combination of the transformers
available in FME software were used (e.g. TopologyBuilder, NetworkTopologyCalcula-
tor). The former fields are related to the network category, the edges/arcs belong to
it accompanied by the significant nodes concerning their starting and ending point
(node_start, node_end). This information was absent from the provided dataset and
it was extracted during the data process phase (see Chapter 3.5.3). The unique iden-
tifier created per network, constitute the primary key (connection) key to which the
intersecting edges and the corresponding junctions (nodes) belong to. The code list
for these ids is given below and was created using a conditional query related to the
available types of networks, an information stored in the attribute table (Riool_Type
field):

• Rioolstreng = Main sewer network: id=1

• Infiltratieriool = Sewer infiltration: id=2

• Brandrioolleiding = Fire sewer pipe: id=3

• Perceelaansluitleiding = Plot connection pipe: id=6

Then, as each network consists of independent sub-networks, each of them was
assigned again an ID, which is related to the main ID of the network. From the
attribute table shown above [Table 4.1], the Network_ID fields correspond to the
unique identifier of each network (see Chapter 4.3). It is noted that for the re-
construction of the network topology it was necessary to separate all the available
edges in order to add a unique identifier so that there is continuity in the internal
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consistency of the network in terms of their attributes. This identifier corresponds
to column Edge_ID. Based on the enumeration given above, all the edges belong-
ing to a specific network share the same id that is further inherited to the related
significant nodes (Table 4.1). The relationship between the interdependence and the
connection of the indicators is more perceptible in the flowchart (Figure [3.14]).

Table 4.1: Example of id=2 determination

. . .

Network_id Edge_id Subnetwork_id Node_start Node_end

. . .
2 2 130 157 55

2 1 174 73 56

2 2 167 173 57

It should be mentioned at this point that the ids correspond to the node per edge
were added once the topological nodes were extracted. In the data used, the topolog-
ical nodes were not apparent, and thus these specific nodes were entered per edge
using the FME transformer TopologyBuilder. The last transformer received all input
features to compute topologically significant nodes and edges, which then output
with supplementary attributes that define the topological relationships. It should
be noted that with this process the topology has not yet been repaired but this is
the first step for its reconstruction. The separation between the provided point data
and the extracted topological nodes is exemplified in Figures [4.11, 4.12], where in
the first case [4.11]) it can be observed that all lines that make up the sewage net-
work have a node in their start and endpoint, while in the second case [4.12] are
present all the available survey points, some of which are related to this network.
After TopologyBuilder transformer that inserted the information about the topologi-
cal nodes and their unique identifiers, NetworkTopologyCalculator transformer along
with attributes transformers, was used to locate all the sub- edges in the network
graph that belong to that specific network. By combining the outcomes, the ob-
tained result is a topological connected network having the basic attributes needed
to characterize its components (Table 4.1).

Figure 4.11: Topological nodes Figure 4.12: Survey points

Once the topological nodes were extracted, the next step, as shown in the flowchart
(3.17), was to relate them to the respective survey/measurement points. This as-
sociation was aimed as these points are connected (or should be connected) to the
underground utility networks, serving a purpose. However, given the quality of the
data, this connection was not immediately discernible in all cases and therefore spa-
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tial overlays approaches had to be implemented. From the set of the survey points,
in each network corresponds a certain number of them, while there are cases where
one survey point belongs to more than one network (e.g. points where pipes of
different uses are connected). Examining the data, it was found that most of the
survey points are located close and/or at the exact same place to a topological node
and for this reason, their spatial relation was searched for. To achieve this, a spatial
overlay was carried out starting from a topological node and defining a 0.2 m buffer
zone surrounding it. The buffer zone was determined after a trial and error proce-
dure and further discussions with the data provider, and it was concluded to keep
these survey points located quite close to the edges belonging to a certain network
category (and/or sub-network), as logical- physical- connection points.

The main aim was to keep the radius short to avoid error propagation of incorrect
selections, as large radius (>0.5 m) implies the inclusion of survey points that may
not be related to a network, while a very small radius (<0.2 m) implies the possi-
ble omission of points that are actually connected to a network. The survey points
associated with the topological nodes were stored in a common attribute table to
share their attributes. In terms of attributes, topological nodes contain information
that corresponds to unique integers that characterize each point. Specifically, three
new fields, as mentioned above, have been created that add information about the
nodes’ connection, from where the line starts and where it ends, as well as the
specific edge they belong to. Regarding the corresponding attributes of the survey
points, the unique identifier of the respective topological node was assigned. In this
way, the connection of the points between them is achieved and the topological in-
formation that will be used later for the integration of the networks (edges) with the
respective nodes/points is stored. An example of the association between the topo-
logical nodes and the survey points is given in Table 4.2. Once the selection of the
nearest neighbor was implemented, a "virtual" edge between the associated points
was created using the GeometryReplacer transformer that replaces the geometry of
the stored features according to the line geometry encoding parameter’s configura-
tion (LineString creation). These virtual edges were created for conceptual reasons
and for a better visual understanding of the between them connectivity. It should
be noted that these edges do not exist in reality, while they were not given in the
initial datasets. This visualization technique was also later on for the integration of
the underground utility networks with the above-ground objects (see section 4.4.3).
However, these virtual edges were not stored as extensions to the existing edges
per network, considering also their negligible length. Despite this, in case, a larger
radius was chosen, then the lines would be of vital importance since they would
contribute to the extension of the connectivity of the network.

Table 4.2: Attributes of associated topological nodes-survey points

Node_id Network_id Sub_network OBJECTID
1 2 1 2563

3 2 1 3347

4 2 1 4272

5 2 2 3808

6 2 2 4492

. . . . .

In the table above, the last column (OBJECTID) corresponds to the index of survey
points located within the search radius used. In case a survey point is not related
to a topological node then the corresponding record is empty. In addition, in case a
survey point is associated with more and topological nodes, then the corresponding
OBJECTID is shared between the different topological nodes, which have their own
node_id. Given the small search radius used, it was ensured that there was exactly
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one node_id for each topological node per edge, per network that corresponds to
exactly one survey point, avoiding duplication (overlapping points). The above-
mentioned procedure was followed, in the first phase, for each network separately
to avoid errors, and in the end, they were merged into a single table. The final
product consists in two tables that store the two geometries (edges, nodes), respec-
tively. These tables can, now, successfully be linked for further spatial analysis (e.g.
routing functions) due to the creation of the identifiers per element and the between
them interdependencies.

4.4.2 3D integration

The reconstruction of the topology is followed by the creation of the three-dimensional
model of the underground networks. As the provided data was lacking 3D infor-
mation, the DTM of the study area was used as starting point. This DTM is a 0.5
meter grid that covers the study area, and is designed to be a ground-level file, with
all "ground level" points re-sampled to the grid using the Squared IDW technique.
The interpolation did not include points classified in a distinct category (off-ground
features such as trees, buildings, bridges, water, and other things). The used digital
height map (AHN3- Actueel Hoogtebestand Nederland (AHN)) has the character-
istics given in the Table 4.3 (table source: https://www.opendem.info/opendemeu_m
eta_netherlands.html) and has released in 2019.

Table 4.3: AHN3 details

Data URL https://app.pdok.nl/ahn3-downloadpage/

Metadata URL https://www.ahn.nl/

Horizontal Reference System EPSG: 28992

Vertical Reference System EPSG: 5709

Resolution [m] 0.5
Distributor Actueel Hoogtebestand Nederland (AHN)
License CC0 1.0
EVRF 2000 Offset [cm] -1

From the chosen networks (six categories 4.3) a further selection was made due to
the high amount of missing information and the existing inconsistencies in terms
of topology. In the end, only four networks were maintained, specifically those that
after the processing and cleaning procedure, had their topology been reconstructed
to a greater extent. The selected networks are:

• Rioolstreng network

• Infiltration network

• Plot connection pipes

• Fire sewer pipes

In the existing data, given their disorganised way of designing and the absence of
3D information, several assumptions had to be made about the connections between
the networks in order to finally create a network divided into its subcategories ac-
companied by the attributes that characterise it. The intersections implemented in
the utility networks are based on their hierarchy and the logical connectivity that
results from their content (use) and from their visualization by combining the exist-
ing information with the available buildings in the area. It is noted that since there
was no accurate information and verification of the hypotheses that were made

https://www.opendem.info/opendemeu_meta_netherlands.html
https://www.opendem.info/opendemeu_meta_netherlands.html
https://app.pdok.nl/ahn3-downloadpage/
https://www.ahn.nl/
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(even after the personal discussions with the data provider), this is an experimental
approach. The networks that logically are connected concern the main sewage net-
works, the plot pipes as well as the infiltration pipes. The fire sewer pipes constitute
a separate network that does not intersect with the others due to different content.
Having this hierarchy as a reference, the networks were draped on the 3D surface
of the DTM. To do so, the FME transformer SurfaceDraper was used, which accepts
as input the 2D breaklines (network edges) and creates a Delaunay triangulation
using the DTM. This creates a triangular surface (at the top of the digital terrain
model) in which each line forming a triangle has known heights. For the utility
networks that are essentially draped on this surface, the triangle to which they be-
long and/or intersect is identified and the elevation at this point is determined by
applying mathematical algorithms. In this way, the received drape features that are
layered on the surface model lead to the draped features, in 3D (Figure [4.15]).

Taking into account that the bare soil under the buildings has no height value,
that gap was filled by interpolating the no-values raster cells using QGIS (Figure
[4.14]). In this way, the values for the no-data zones are estimated using inverse
distance weighting from the neighboring pixel values. Following the interpolation,
the findings from the previous procedure are flattened out. This method is effective
for interpolating missing portions of rasters that vary reasonably regularly [testing
QGIS, 2022].

Figure 4.13: Initial DTM including
null values

Figure 4.14: Filled DTM replacing
values

Then, the underground utility networks were draped onto the 3D surface model
(Figure [4.15]). However, since the networks are located below the ground, they
had to be offset below that surface to better highlight their differentiation in terms
of their position (based on their use) as well as in order to make them more percep-
tible, visually. Considering the different type of networks and their use, different
offsets (Figure [4.16]) were implemented. However, it should be noted that this is
an arbitrary decision that neither reconstruct the 3D geometry of the available pipes
nor their 3D modeling. On the contrary, it was only used to further facilitate data
exploration and visualization, since the 3D information was absent from the used
datasets. The selected offsets are:

• Sewer pipes: -2.5 m

• Infiltration pipes: -1.5 m
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• Fire pipes: -2 m

• Plot pipes: -0.40 m

Figure 4.15: Draped 2D features to the 3D surface model

In the above Figure [4.15] it can be observed in the highlighted areas (black and
green squares) how the 2D features were draped on the 3D surface information. In
the first case (top right) α symbolizes the slope formed by the pipes following the
natural slope of the ground, while in the second case (bottom right) the position of
two sub-networks on different height levels is presented.

Figure 4.16: Offset of draper features

Finally, the tables created during the topology restoration process were updated
with the 3D information. Note that for the point table (storage of both topologi-
cal nodes and search points), the three-dimensional information per node/point is
stored as a new field per coordinate (e.g. column X, Y, Z). On the other hand, this
was not immediately possible with regard to the geometry of the lines, as for the
full rendering of the 3rd dimension the corresponding information would have to
be rendered for each point on the line. This whole information was stored using
lists containing the coordinates of all the points that constitute a line, saved as a new
field in the attribute table. However, this extra information was stored temporally
for visualization purposes, since it does not correspond to the real depths of the
networks.
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4.4.3 Integration with the 3D city model- buildings

The next step in was the integration of the model of the underground utility network
with the above-ground objects. In particular, the three-dimensional city model of
the wider study area (from https://3dbag.nl/en/viewer) was used, from which
the buildings are included in the bounding box surrounding the available utility
networks.

For the integration of the selected networks with the above-ground buildings, spa-
tial overlay techniques were used. In more detail, the first step was to switch from
the geographical information to the topological representation, in terms of the build-
ings. This was achieved by representing the buildings, and specifically their foot-
prints (footprint geometry: polygon) as a point that later on would be connected
with the nearest topological node, per network. This point was initially selected to
be their centroid (gravity center calculated from the coordinates of the footprint),
but given the shape of the buildings, it was possible for this point to be placed
outside the footprint. For this reason, the RealCentroid QGIS plugin was used that
generates an internal point of the polygons (footprints) (Figure 4.17).

Figure 4.17: Topological representation of buildings - centroid

Due to the unclear situation of the networks regarding the representation of real-
ity, we had to ensure the intersection between the edges of the networks with the
outline of the buildings, which represents their service from the respective pipes.
Therefore, a buffer zone of 1 meter was chosen to be created surrounding the build-
ing footprints. In this way, it is ensured that the topological nodes that were quite
close to the buildings but did not cross their boundary, will be considered that they

https://3dbag.nl/en/viewer
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serve them. This value was selected as the most appropriate, after a trial and error
process, where it was observed that a smaller buffer zone did not serve our purpose
(zero modifications) while with a larger one, many duplicates nodes seem to serve
more than one building. The latter case was not desirable, as the one-to-one service
of buildings was sought, given the existing topology and the available pipes. With a
buffer zone greater than one meter the footprints of the buildings overlapped signif-
icantly and there were pipes (including the topological nodes) that seemed to serve
more than one building, which is not correct, as one end pipe in a network serves
exactly one building. Once the buffer zone was created, a spatial overlap was ap-
plied between the extended outlines and the topological nodes in order to maintain
those closest to the center of the buildings, assuming that the edges they belong to,
serve the respective building. In more detail, a spatial join was executed that seeks
to connect the features of the point dataset to the properties of the nearest feature,
which is the centroid of the building parts. The resulted product is a new vector
dataset- point dataset- that combines the attributes of both the input feature as well
as the nearest feature from the testing set.

Subsequently, in order to visualize this connection, virtual edges were created again,
following the same procedure mentioned in previous section (see section 4.4.1).
Also in this case, these edges do not exist in reality but they were considered
necessary for the visual part of the thesis. Here, these edges are connecting the
topological nodes serving a building with its centroid were attempted to be made
in order to clean later on the redundant information. Taking into account that one
edge corresponds to two nodes, then in case, a pipe is entire "inside" (underground)
a building, two virtual edges will be created (one per node), serving the object,
creating the redundant information. Once the virtual edges were created, the dupli-
cate information was manually removed, maintaining only the nodes closest to the
building centroid (Figure [4.18]).

Figure 4.18: Example of topological node simplification

Once the connections between the topological nodes and the centroid of the build-
ings were established, the point table was updated, this time adding information
about the buildings they serve. It is noted that during the transition from the foot-
print (geometry: polygon) of the buildings to a point, all the features were trans-
ferred to the new geometry (point). The table of points, after all the process stages,
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includes all the topological nodes of the edges per network, the corresponding sur-
vey points related to them (in case a node is not associated with any survey point
the corresponding record is empty), as well as the relevant information about the
buildings they serve (a field containing the unique identifier per building).

After processing the different geometries stored in the datasets, the final integrated
result combines all the attributes captured in the model. An example of the com-
bined 3D model is shown in Figure [4.19], where are illustrated the virtual edges
created to connect the topological nodes of the pipes per network, to the center of
the buildings.

Figure 4.19: 3D representation of buildings and underground utility network

4.4.4 Integration with the 3D city model- building addresses

Using the centroid per building object it was achieved the creation of a direct con-
nection of the underground utility networks with the above-ground object. All the
pipes nearest to that specific centroid were considered that serve the buildings in
their entirety. However, given the volume of the buildings and the fact that each
building consists of different compartments and/or rooms identified by a single/u-
nique address, a building can be considered an aggregation of these sections. For
that reason, it was examined the connection of the underground utility networks
with the available addresses per building object. In more detail, I used the ad-
dresses of the study area (available in PDOK - https://www.pdok.nl/introductie/
-/article/adressen-inspire-geharmoniseerd-) (Figure 4.20). From this dataset,
which includes information about the addresses in the municipality of Delft, only
those addresses were extracted inside the bounding box of the study area. This in-
formation was combined with the available building footprints to have a complete
and clear view of the addresses’ location and match with the available buildings
(Figure 4.21). As in the previous datasets, an attribute analysis was performed to
understand the content of the data as well as a data cleaning process that this time
concerns the exclusion of addresses located at a significant distance from the avail-
able network.

https://www.pdok.nl/introductie/-/article/adressen-inspire-geharmoniseerd-
https://www.pdok.nl/introductie/-/article/adressen-inspire-geharmoniseerd-
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Figure 4.20: Addresses point dataset

Figure 4.21: Associated addresses with the buildings of the study area

Addresses point dataset analysis

As mentioned above, the dataset concerns the addresses available in the wider area
of Delft. Specifically 59605 records were stored, in geojson format, from which only
the 1471 located inside the study area were further utilized. During the extrac-
tion the new limited dataset were exported in shapefile format to keep the same
structure with the rest of the datasets. To understand the content of the dataset
the corresponding attribute table was traversed. Information was available about
the: Street Name, House Number, Postcode, Status of the address/building, Function of
the buildings they identify, Year of construction, and unique identifiers per House Number,
Function, Building. An example of the attribute table is given in Figure [4.22].
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Figure 4.22: Example of addresses point data attribute table

In the above Figure, the unique identifiers have been highlighted and used to dis-
tinguish the different addresses and building entity numbers related to them. By
building entity(/ies) we refer to any type of building such as educational buildings
(TUD buildings), church, residential buildings, stores or other uses available in the
area of interest. The existence of these identifiers was of vital importance since they
were used to associate and create interdependence relationships with the different
datasets. These three columns, highlighted with a green, blue, and red border,
provide information about the residence id (adresseerb), building id (pandid), and
number designation id (nummeraand) per address respectively. The residence, as
well as the number designation id, are unique per address, while the building id
appeared many times (duplicate ids) since in one building more than one address
can be present. While processing the data it was observed that one point (point ge-
ometry) representing an address did not correspond to only one record row in the
attribute table. There were cases where at a certain place more than one point (indi-
vidual points) was (were) located that correspond to more than one house number
id (Figure [4.23]). In this case, the different house numbers should be distinguished
since in case of a disaster all the buildings entities would be affected.

Figure 4.23: Example of overlapped points with different house numbers

Moving forward to the connection of the underground utility networks with the
addresses, spatial overlay techniques were applied. This time, the address points
were associated with the nearest topological node belonging to a certain pipe. The
distance between the origin features (address point) and their closest destination
one (topological node of a pipe) was calculated and the resulting datasets were
enriched with additional fields indicating the identifier of the nearest destination
feature (topological node unique id) and the distance to it. Having this internal
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connection between the addresses and the topological nodes dataset, it was made
possible to connect the network (in terms of pipes) with the related address point.
As in the previous case (building centroid), virtual edges were created (temporally)
to visualize these connections and better understand the new network connectivity
(Figure [4.24]).

Figure 4.24: Example of virtual edges between address points and topological nodes

4.5 case study scenarios

Moving forward to the case study scenarios related to disaster/cost management,
the relational database PostgreSQL was used via the PgAdmin client. Specifically,
the derived from the above-mentioned processing procedure tables were stored in a
self-defined relational database. Since the current condition of the data their format
do not correspond to any of the available standard models (see Chapter 2.2), a
customized data structure in the database environment was created, to examine if
the reconstructed network is able to be used for routing analysis, using pgRouting
extension and its available functions.

These tables are related to each other as the extra attributes have been added to
them that allow for the development of the primary foreign keys relationship. This
allows the immediate detection of the correlation between the various objects, and
therefore it is now possible to look for adjacent relationships and connections. To do
so, the pgRouting extension will be used, which adds geospatial routing capability
to the PostGIS/PostgreSQL geospatial database.

Regarding the topological graph used for the implementation of the routing, it
should be noted that its topology was adapted to the specifications of the pgRout-
ing tool. An example of such an adaptation is to convert the geometries of the
stored objects to a type compatible with the pgRouting algorithms. Specifically, the
geometries stored in the edge table were MultiLineString, while the needed one for
pgRouting was LineString. Additionally, a new enumeration in terms of unique
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identification of the stored features was necessary to match the connectivity of the
automatically created pgRouting tables.

Routing through the edges of the networks, we refer to the possibility of moving
from point A to point B, following a direction either from A to B or vice versa. The
ability to move in both directions depends on the type of network. In the case of
the current condition of the utility network graph, the absence of information about
the gravity factor related to the flow of the product carried by the pipes, as well as
the total ignorance of the ground slope, implies the creation of a two-way graph.
Both information about gravity as well as the ground inclination are fundamental
factors that in combination with the related pumping stations (vague information
of their location- in our datasets) would allow for a more realistic hydraulic sim-
ulation. However, the current bi-directional graph corresponds to reality in cases
of services such as internet, telecommunications, etc. where the transmission time
does not affect the operation of both of them and the terrestrial objects they serve.
However, in the case of sewage networks, this is not the case, as the flow direction
of the liquid elements plays an important role in the smooth operation of the pipes
and consequently of the objects they serve. Nevertheless, in the present work, in
order to develop and test the routing algorithms, the graph was considered to be
bi-directional.

Following the steps needed to reach the pgRouting schema needed for the imple-
mentation of its algorithms, a further selection between the networks should be
made. These steps address a series of functions that modify the original table by
adding an extra field (unique ids per record-row) as well as creating support tables
that are internally linked to the original one (see Appendix 7). One of these func-
tions (pgr_nodenetwork), however, created an incorrect relationship between objects.
In more detail, the stored networks in the topological edges table were four, and as
mentioned before they are not all connected with each other (see Chapter 4.4.2). By
applying the function pgr_nodeNetwork, nodes were created at each intersection be-
tween the existing edges of all networks. This does not correspond to reality since
the networks are either located on different levels or are not connected with each
other given their type, in terms of their usage. Thus to further process the networks
utilizing the routing algorithms, different combinations based on their physical con-
nectivity were created. For example, plot connection pipes were combined with
both the main sewage as well as the infiltration network, since their use is to con-
nect these two networks with buildings. On the other hand, fire pipes constitute a
single network that does not cross other pipes from the whole sewage network, and
thus were handled separately.

After the execution of the pgRouting functions, the relations between the tables
with respect to their primary and foreign keys are represented in Figure [4.25] for
the centroid case, and in Figure [4.26] for the addresses point dataset one. Based
on these internal relationships of the tables were created two scenarios are detailed
discussed in the next Chapter (see Chapter 5). In these scenarios, attention is paid
to the implementation of functional analysis on the corrected -in terms of topology-
network that allows allows for the detection of the shortest path either in terms
of the shortest route or the lowest cost in case a high cost needed to be invested
to serve a building. To do so internal connections between the generated from
pgRouting tables should be created as well as the initial ones derived from the
reconstruction of topology (see Chapter 4.4). It should be mentioned here that in the
case of the addresses point dataset, which was analyzed at a second phase during
the thesis implementation, it was added a new table in the database including all
the information of the addresses accompanied by the related with them topological
nodes id. In this way it was made possible to join the different tables between them
to extract the information needed per case study. However, as mentioned above,
there were cases of overlapping points that correspond to different house numbers
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(points located at the same building entity). During the spatial overlay approach
followed it was implemented one-to-one matching and so in order not to lose the
rest of information (topological node ids were existing more than once based on the
house numbers)the duplicates were first identified and then stored in a database
view. In PostgreSQL, a view can be retrieved as a virtual table and it was used to
simplify the complexity of the queries used during the routing analysis.

Figure 4.25: Table relations- using only the building centroid
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Figure 4.26: Table relations- adding the addresses information

Based on these relations, it is possible to combine the spatial information needed
to be extracted for different cases/scenarios. Once the tables were joined using the
related keys pgr_routing functions were executed to detect the optimum route in
different cases. The outcomes of the tested cases are given in the next Chapter (5).



5 R E S U LT S & A N A LY S I S

5.1 results

This chapter present the results derived from the process described in the previ-
ous chapter that answers the research questions and evaluates the usefulness of
developing the proposed model in possible real-world applications. In addition,
the results from the scenarios, as they arose from the utilization of the limited infor-
mation of the data sets used, will be further analyzed, preparing the ground for the
next chapter that concerns the overall limitations and conclusions about the current
work.

Starting from the research questions of this thesis (see Chapter 1), it is noted that
the main objective was to consider the possibility of creating a three-dimensional
model of underground utility networks, capable of being integrated with above-
ground objects in order to be used for real-world applications. Additionally, atten-
tion was paid to the evaluation of the effort required for the transition from reality
(geographical information) to the corresponding digital twin (dual representation)
taking into account the quality/quantity of available information. The use of a com-
bination of tools contributed to the gradual analysis, processing, and management
of the provided datasets in order to synthesize the final product.

5.1.1 Data quality & quantity

One of the most important points of the research was the familiarity with the data
and their content. Due to the absence of metadata or corresponding information
that would describe the data and their content, both quantitative and qualitative
analysis had to be done in order to be able to assess their condition and the effort
needed to reconstruct their inconsistencies in terms of topology (in the context of
the thesis needs). In addition to this analysis (quantitative, qualitative), the personal
meetings with the data provider (Jan van der Voorst) contributed importantly to a
better understanding of the content of the data, who, among others, gave a more
accurate interpretation of the networks and their uses, as the data was given in
Dutch.

Traversing the attribute table per datasets it was made clear that they were of poor
quality and quantity while important information needed for the implementation
of the suggested application was also absent. Additionally, in terms of their compli-
ance with any of the available standards for underground utility networks mapping,
they could not directly either enrich or convert (e.g. to CityGML format), due to
both their disorganized content as well as the lack of relation to the schema of a stan-
dard (see Chapter 2.2). The analysis carried out concerned both the completeness
of the data regarding the available fields in the attribute tables and the existence (or
absence) of the third-dimensional information. The results are shown in the graphs
below (Figure [5.1,5.2]).

59
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Figure 5.1: Data quantitative analysis results

Figure 5.2: 3D information availability

It can be observed that in both cases the content of the information is insufficient
and therefore several assumptions and simplifications were required to be able to
utilize it. With regard to three-dimensional information, the necessity lies in the
effort to integrate the underground utility networks with the ground objects, in or-
der to identify those that are served by the respective pipes (or cables). However,
in the case of line geometry, the information was limited to 2D and the 3D conver-
sion was performed mainly for visual purposes, to facilitate the differentiation of
the available network layers. Finally, based on the statistics and the corresponding
content of the data sets, as mentioned, a limited number was used to apply the
methodology (see Chapter 3) and to produce the desired result, which appears in
the next sub-chapter.
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5.1.2 3D integrated model of utility networks

To create the final model, the data topology was reconstructed, to obtain a better
representation of reality. Then in order to detect and connect the networks with the
above-ground objects they serve, they were integrated successfully with the use of
the 3D building model of the study area. The coherently reconstructed network is
shown in Figure [5.3] below, while the integrated set is illustrated in Figure [5.4].

Figure 5.3: Topologically reconstructed network

The above map depicts the studied networks united with the respective (topolog-
ical) nodes that make them up (start-end point). This information, as well as the
relationships between them, have been stored in a relational database, and there-
fore if more information about the networks was available, for example, the flow
of the products in the pipes, a more detailed simulation of their function could be
performed by utilizing the existing graph.
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Figure 5.4: Underground utility networks integration

By introducing the above-ground objects, which in our case regard the buildings
of the study area, the underground utility networks were integrated with them, as
shown in the Figure [5.4], through the creation of virtual edges between the center of
gravity of the buildings and the nearby (dead-) ends of the edges per network. The
consequence of this union is the direct connection of the networks to the respective
nearest building, thus separating the provision of services per network and building.
The result is limited to the service of the nearest neighbor (building) as there was no
accurate information about the connection of the networks with any of the ground
objects (e.g. appurtenances), building, or not. However, this hypothesis made it
possible to make a logical distinction between the core networks that serve the city
objects (buildings), avoiding cases of unreasonable connections between pipes and
objects that are at a great distance from each other (and/or in a completely different
location) and are not served by them. A similar approach could be used in the case
of an electricity network. In this situation, the (e.g.) street lamps nearest to the
electricity branches of the network would be looked for.

5.2 analysis

To be able to implement any network functionality using the pgRouting extension
to PostGIS/PostgreSQL relational database, a set of modifications was made to the
stored edge dataset, as mentioned in the previous Chapter (4) in order to follow
the structure needed. The modified results in terms of the quantity differentiation
(creation of extra edges per intersection) are given in below. It is noted that the
number of edges initially stored in the edge table (Topological Edges) was 1416 in
which all the selected network categories (4) were included. In each network were
included:

• Main sewer network: number of edges: 702
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• Infiltration network: number of edges: 199

• Fire network pipes: number of edges: 52

• Plot connection pipes: number of edges: 463

After combining the networks based on their hierarchy, for further testing, as has
been mentioned, were used only the main sewer network and the plot connection
pipes (1165 edges in total). By following the procedure needed to modify this
combined networks according to pgRouting structure the altered table contained
336 extra edges, derived from the computed intersections (see Figures [5.5, 5.6]).

Figure 5.5: Topological edges (sewage-plot pipes networks) before pgRouting algorithms
implementation

Figure 5.6: Topological edges (sewage-plot pipes networks) after pgRouting algorithms im-
plementation

In Figures [5.5] and [5.6] it becomes more clear the difference in the number of edges.
Specifically, in the first case [5.5] they only considered the topological edges with
the related topological nodes, without taking into account the intersections between
the pipes. On the other hand, in the second Figure [5.6] they can be observed the
extra (red) nodes created at every intersection between the pipes, which was the
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desirable graph, in order for the routing algorithms to be executed successfully.
These adjustments become more clear in the numerical analysis given in the below
lists.

...

Analyzing for intersections -- 1165 initial edges

ANALYSIS RESULTS FOR SELECTED EDGES:

Isolated segments: 151

Dead ends: 687

Potential gaps found near dead ends: 105

Intersections detected: 149

Ring geometries: 0

...

...

Creation of a fully noded graph

Split Edges: 202

Untouched Edges: 963

Total original Edges: 1165

Edges generated: 538

Untouched Edges: 963

Total New segments: 1501

...

...

Create topology for the noded graph --1501 edges

ANALYSIS RESULTS FOR SELECTED EDGES :

Isolated segments: 34

Dead ends: 584

Potential gaps found near dead ends: 2

Intersections detected: 1

Ring geometries: 0

...

The final network/graph that consists of 1501 edges, fully noded per intersection
can now support the implementation of any routing algorithm, based on the avail-
able datasets’ information. Having ensured that the final model is in a form suitable
for use both in terms of geometry and topology, two different scenarios were con-
sidered. The first concerns a disaster management case, where a pipe breaks and
there is a need to detect the ones directly connected to it since their use will be
affected by the disaster and therefore they will stop serving the corresponding city
object. Depending on the application, the type of network as well as the availability
of the data for that specific type of network, this connection is related to the flow
(e.g. downstream) of the product that the pipes (or cable) carried. The second case
is related to economic aspects and specifically, the lowest cost route is aimed to be
found, considering the amount of the investments that must be allocated for a spe-
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cific project (e.g. repairing a burst pipe- it may be more expensive to restore one
pipe, depending on its size and/or material - rather than following another path).

5.2.1 Case 1: Shortest route, for building service, detection in case of pipe dis-
aster

A case where calculating the lowest-risk route for a particular source-destination
combination is in disaster/emergency management. More specifically, in case of
damage to a pipe, it must be possible to detect the pipes that are directly connected
to it, as well as the corresponding above-ground object that it serves. After recon-
structing the network topology, it is possible, now, to find adjacent connections/
relationships either with the same or with different pipes. Knowing the nodes that
determine the beginning and end of each edge, the information about the adjacent
ones that are directly connected to these nodes is automatically extracted and there-
fore distinguishes their influence or not from possible damage to the intermediate
pipe. In particular, taking into account the flow of the product inside the pipe from
a point A to a point D (above-ground object) and their intermediate connections
(eg A -> B -> C -> D), if pipe A (representing by an edge in the topological net-
work) breaks then all subsequent, up to the destination point, pipes will go out of
operation. An example of this case is illustrated in Figure [5.7].

Figure 5.7: Pipes out of operation

In the above case, if the pipe represented by the edge= 394 collapsed, then all the
pipes connected to it and carrying the related content (drainage and/or drinking
water) will cease to operate and the specific side of the building will stop being
served by them. In this case, it is not possible to find an alternative route since
the connected pipes reach dead ends, which are connected directly to the building.
However, as can be seen in the sub-image, the tubes located prior to this edge
are not affected by the existing fault, as they do not intersect at the starting point
(starting node) nor at any point in the middle of it (Figure 5.8).
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Figure 5.8: Pipes on operation

In this case, the route between edge= 519 to 675, 1291, 241) can be used effectively
and thus the building is still served by them. To calculate the optimum distance
between two (or more) selected nodes the algorithm evaluates only the edges with
positive costs, and it returns a result only if the path exists (connected network).
A positive cost edge is considered the one that allows for the computation of an
optimal path by adding its value to the next one (next edge) until reaching the
destination point, by keeping at the same time the nodes that have been visited. In
the case of negative weight edges, the algorithm terminates and the optimal path
has been successfully defined. It is noted that the algorithm returns a result only
in case there is a continuity between the pipes, thus unconnected/ single pipes are
not taken into account and an empty table is returned.

Another example of finding the optimal path using one to many relation is given in
Figure [5.9].

Figure 5.9: Shortest path between nodes

In this situation, the routes for the service of several buildings are placed from a
single starting point. In circumstances when the flow of products transported by
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the pipes depends on certain starting locations, then it is very helpful to know the
paths that are directly influenced by this point. This information is needed as in
case of failure at this point, all routes will be affected, taking note that the flow has
a direction in the sewer systems (in the case of bidirectional networks -electricity-
other routes will be determined). Both paths will be completely out of order in case
of failure of the starting point, considering that the flow of the pipe product follows
a specific single direction. Therefore, both the marked red line will be affected as
well as the sub-networks connected to it and extended to the building. Through
this analysis, it is possible to predict the pipes directly affected by a failure and to
start scenarios for the restoration of any damage. It is noted that the buildings are
served by multiple pipes that are connected at different points around them, so if a
route is affected then a specific part of them will cease to have facilities.

The same approach but with a different impact in terms of the affected objects was
followed using the addresses point dataset of the examined area. Here, in a possible
pipe disaster, it is not affected the whole building but instead the specific building
entities located at a certain address. If in an address there are more than one build-
ing entity (house numbers), then all of these entities are detected as immediately
affected objects from the disaster. In this case, it becomes more specific the amount
of the affected objects and by further combining this information with the registra-
tions per building entity it would be possible to identify the number of the affected
households in case of a simple residential (building) use or to a greater extent the
damage in public service building (e.g. hospital). An example of the shortest path
routing algorithm and the affected of a possible disaster building entity is presented
in Figure [5.10].

Figure 5.10: Example of optimum path and the affected addresses in case of disaster

In the above Figure, they have been selected two nodes source: node_id = 1346 to tar-
get: node_id = 926 that correspond to edges source: edge_id = 1426 and target: edge_id
= 873 and the shortest path between them is highlighted with the red line. As men-
tioned in the previous section all of the available addresses are associated with their
nearest topological node corresponding to a certain edge, which represents a pipe,
and so if a topological node (or both nodes bounding the edge) of an edge is asso-
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ciated with an address and this pipe collapses, then all the corresponding building
entities will be affected. To check if the associations as well as the data structure
in the relational database works effectively also in the case of this dataset, different
tests were implement to cover all the possible cases, based on the complexity of the
stored records in the addresses point dataset (see Figure 4.23).

Starting with the selected edges, along the path there are more than one topological
nodes that are (internally) connected (serve) an address (Figure [5.11]). Based on
the available information about the sewage network only the destination topological
node is considered accurate for the service the associated with its address since the
middle one, serving the building on the other side of the canal is not possible to be
served from that network, but from other pipes that are not included in the current
dataset. However, for the testing purposes, these situations did not exclude and
in case a topological node is connected with these two buildings located on the
opposite side of the canal, they remained in the routing analysis. It is noted here
that in Figure [5.11] the red points represent the addresses where are located more
than one house (>1 house number) and thus in a possible pipe collapse, the whole
complex will stop being served by it.

Figure 5.11: Addresses points associated with the nearest topological nodes

The resulting table this time apart from the information related to the graph and its
connectivity (source- target nodes), returns the address information that is associ-
ated (if it is associated) with the topological nodes along the computed path. If this
address belong to the duplicate points, then also this information is retrieved. An
example of the returned tables is given below:
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Table 5.1: Shortest path algorithm results

seq path_seq node edge cost agg_cost
1 1 1346 1426 10.222 0

2 2 1342 1501 5.001 10.222

3 3 1364 1470 4.863 15.223

4 4 1321 1380 18.581 20.087

5 5 713 679 12.786 38.668

6 6 712 680 97.039 51.454

7 7 714 1476 4.649 148.494

8 8 1026 976 8.190 153.144

9 9 1006 955 53.0521 161.334

10 10 647 954 48.186 214.386

11 11 751 873 29.131 262.573

12 12 926 -1 0 291.705

The above table provides the information related to the shortest path followed to
connect the selected nodes. The route is calculated by the execution of the Dijkstra
algorithm (pgr_dijkstra function) and the returned information concern the starting
node per traversed edge as well as the corresponding edge id, accompanied by
its cost value (concept of cost proportional to the length of the edges). The last
column stores the aggregate cost each time one edge is successfully crossed and the
algorithm proceeds to control the next one. Once the route has been calculated its
information was combined with the related information stored in the other tables
concerning the edges of the network and the associated to them addresses that they
serve. The returned table and its content is shown in Table 5.2:

Table 5.2: Optimum path combined with the served addresses

Address id House number id Building id Network id Source node Target node Edge id
NULL NULL NULL 1 533 607 1470

NL.IMBAG.
Nummeraanduiding.

0503200000106044

NL.IMBAG.
Verblijfsobject.

0503010000007568

NL.IMBAG.
Pand.

0503100000004242

1 601 323 1476

NULL NULL NULL 1 323 92 680

NL.IMBAG.
Nummeraanduiding.

0503200000123570

NL.IMBAG.
Verblijfsobject.

0503010000054830

NL.IMBAG.
Pand.

0503100000033026

1 182 183 873

NULL NULL NULL 1 607 530 1380

NULL NULL NULL 1 117 326 955

NL.IMBAG.
Nummeraanduiding.

0503200000106044

NL.IMBAG.
Verblijfsobject.

0503010000007568

NL.IMBAG.
Pand.

0503100000004242

1 326 601 976

NULL NULL NULL 1 455 456 1426

NULL NULL NULL 1 182 117 954

NULL NULL NULL 1 533 455 1501

NULL NULL NULL 1 530 92 679

In the above table, is presented the information derived from the internal join of the
Table 5.1 and the topological edges table (the modified one following the pg_routing
rules) stored in the relational database. With this connection, it is extracted the
information related to the addresses that are served from the edges (pipes in reality)
constitute the optimum path. It can be observed that again not all pipes serve an
address and thus an empty record is returned (NULL value). The edges bounded
by nodes that are associated with an address store the information of the address
on the related field. It can be noticed that there are two records with the same
information, which mean that two edges share one node (source in one case, target
in the other) and so this association is presented twice. The common node is the
one with node_id = 601 that serves the building on the other side of the canal (see
Figure [5.11]). The process continues with the examination of the inclusion of these
addresses in the overlapping points table. Once the served addressed are detected
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the building id is used to verify its existence (or absence) in the overlapping point
table. If a certain address exists in the before mentioned table then all the different
house numbers (building entities -e.g. building apartments) returned as they will
be immediately affected by a possible disaster in the pipe they are connected with
(Table 5.3). On the other hand, if this address is single (no more than one house
number) then an empty table is returned.

Table 5.3: Identification of no-single address point

count nummeraand networkid nodeid pandid

1

NL.IMBAG.
Nummeraanduiding.

0503200000105986

1 601

NL.IMBAG.
Pand.

0503100000004242

1

NL.IMBAG.
Nummeraanduiding.

0503200000105987

1 601

NL.IMBAG.
Pand.

0503100000004242

1

NL.IMBAG.
Nummeraanduiding.

0503200000105988

1 601

NL.IMBAG.
Pand.

0503100000004242

. . . . . . . . . . . . . . . . . . . . . . . . . . .

1

NL.IMBAG.
Nummeraanduiding.
0503200000123499

1 183

NL.IMBAG.
Pand.
0503100000033026

1

NL.IMBAG.
Nummeraanduiding.
0503200000123500

1 183

NL.IMBAG.
Pand.
0503100000033026

1

NL.IMBAG.
Nummeraanduiding.
0503200000123501

1 183

NL.IMBAG.
Pand.
0503100000033026

. . . . . . . . . . . . . . . . . . . . . . . . . . .
Total number of apartments (unique house number ids) = 441

The above table gives an example of the returned information from the query exe-
cuted in order to detect overlapping points, which means more than one building
entities located at the same address. In total the were detected 411 records. It is
noted here that in these records there are no duplicate building ids although one of
two buildings appeared twice in Table 5.2. This distinction was made to keep only
the information needed avoiding the redundant one. The above example concern
one-to-one connectivity between two nodes, but the algorithm tested with one-to-
many connections as in the building centroid case (see Figure 5.8).

5.2.2 Case 2: Cost optimum route detection

A second example of using the same algorithm is to determine an economically
optimal route (cost optimization). Note that if the relevant cost information had
been stored in the data attributes, then the pgr_dijkstraCost function could be used
to calculate the aggregated cost per route. However, since this information was not
available, an assumption was made. This assumption considers that the cost is pro-
portional to the length of the edges (pipes) per network, ans thus the length value
is used instead of the unknown real cost. To detect a low-cost route, the real length
value was modified with an extreme value (e.g. from 12,5m to 100000m). In this
case, other routes sought to be found in order to reach the selected destination point.
Also here, only the positive value edges were utilized and once the negative one is
detected the algorithm returns the result. The negative value is generated automat-
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ically at the point where the target point is reached (dead end of the destination
edge).

To test the functionality of this hypothesis, some auxiliary structures were created,
which include the information (attributes) of the original table containing the edges,
with the only exception being an additional column (modified_length), where are
defined the costs per edge. An example of the query used to modified a particular
edge, as well as the query used for the detection of the lowest-cost path is given in
the Appendix (7):

The visual example of the corresponding query is shown in Figure [5.12]

Figure 5.12: Cost-optimum path detection

In the picture above, the initial shortest route followed in order to serve the se-
lected building is shown in red, accompanied by the corresponding edge IDs. By
modifying the lengths of the multiple lines/ edges, increasing them significantly,
and re-applying the algorithm, it is observed that the path (automatically) changed
(right sub-figure), following the path that in the end gives a lower total cost (aggre-
gated lengths of the traversed edges).

The following tables present the information of the edges that are traversed in the
case of the economically optimum route, after the modification of costs:

• Edge: 508 - length 100000.00m

• Edge: 807 - length 100000.00m

• Edge: 1306 - length 100000.00m

The physical significance of replacing the original length of an end with an extreme
value is to approach a real-world scenario where a high amount of money must be
invested to follow a path (e.g. construction of a new pipe and/or extending the
network with starting point one of the selected topological nodes). In this case, al-
ternative routes are sought, if they are available and accessible, in order to serve the
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corresponding above-ground object with which the selected nodes are connected.
In the first table (5.4) are presented the records derived from the execution of the
Dijkstra algorithm (same as the results in the previous example -see table 5.1). All
this information does not contain the edge geometry and thus it should be related
with the initial edge table to extract it. This can be, now, implemented effectively
since the tables are internally connected in terms of primary and foreign keys.

Table 5.4: Cost-effective route computation

seq path_seq Node Edge Cost Aggregated cost
1 1 321 1460 9.473446425792797 0.0
2 2 467 469 38.28246923214117 9.473446425792797

3 3 468 470 11.203377038251343 47.75591565793397

4 4 469 917 4.495574098592385 58.959292696185315

5 5 495 501 2.200004634384923 63.4548667947777

6 6 496 502 17.285455657800174 65.65487142916263

7 7 497 503 22.002865106390114 82.9403270869628

8 8 145 504 20.49926845392435 104.94319219335291

9 9 226 505 21.49996330294493 125.44246064727727

10 10 396 360 25.199975697894235 146.9424239502222

11 11 397 361 12.455136142233453 172.14239964811645

12 12 46 362 6.210597319166775 184.5975357903499

13 13 398 1000 1.152473290549216 190.80813310951666

14 14 339 280 4.1509460479223605 191.96060640006587

15 15 340 281 15.163708280669722 196.11155244798823

16 16 341 1131 2.9708326457109977 211.27526072865794

17 17 498 1419 1.6557047635222704 214.24609337436894

18 18 823 1230 65.04225868638667 215.9017981378912

19 19 678 654 1.3976908906136516 280.9440568242779

20 20 676 653 12.925083249050816 282.34174771489154

21 21 677 700 20.429629588716164 295.26683096394237

22 22 735 1465 1.7067720664359822 315.69646055265855

23 23 880 824 15.430298636132958 317.4032326190945

24 24 542 554 3.7690604911801375 332.83353125522746

25 25 541 1277 10.09801312344755 336.6025917464076

26 26 392 1372 0.4054910749318553 346.70060486985517

27 27 352 300 4.962866430633872 347.106095944787

28 28 282 225 3.4434513085424556 352.0689623754209

29 29 283 870 17.61904671754125 355.51241368396336

30 30 239 912 3.471252839117845 373.1314604015046

31 31 964 -1 0.0 376.60271324062245

The following table shows the link between the previous table results with the table
of the topological edges of the combined networks (main sewer network and plot
connection pipes). Once their connection has been achieved, the geometry stored
in the latter table that allows for the visualization of the result is extracted (see
Appendix 7 for the completed table including geometry column). Apart from the
geometry information, also information about the buildings is obtained that are
served from the available networks. In case an edge stops at a point that is not
related to any of the available ground information then the particular building id
will be absent.
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Table 5.5: Cost-effective route detection including building’s service

Building ID Network ID seq path_seq Node (source) Edge ID Cost Aggregated cost
None 1 1 1 321 1460 9.473446425792797 0.0
None 1 2 2 467 469 38.28246923214117 9.473446425792797

None 1 3 3 468 470 11.203377038251343 47.75591565793397

None 1 4 4 469 917 4.495574098592385 58.959292696185315

None 1 5 5 495 501 2.200004634384923 63.4548667947777

None 1 6 6 496 502 17.285455657800174 65.65487142916263

None 1 7 7 497 503 22.002865106390114 82.9403270869628

None 1 8 8 145 504 20.49926845392435 104.94319219335291

None 1 9 9 226 505 21.49996330294493 125.44246064727727

None 1 10 10 396 360 25.199975697894235 146.9424239502222

None 1 11 11 397 361 12.455136142233453 172.14239964811645

None 1 12 12 46 362 6.210597319166775 184.5975357903499

None 1 13 13 398 1000 1.152473290549216 190.80813310951666

None 1 14 14 339 280 4.1509460479223605 191.96060640006587

None 1 15 15 340 281 15.163708280669722 196.11155244798823

None 1 16 16 341 1131 2.9708326457109977 211.27526072865794

None 1 17 17 498 1419 1.6557047635222704 214.24609337436894

None 1 18 18 823 1230 65.04225868638667 215.9017981378912

None 1 19 19 678 654 1.3976908906136516 280.9440568242779

None 1 20 20 676 653 12.925083249050816 282.34174771489154

None 1 21 21 677 700 20.429629588716164 295.26683096394237

None 1 22 22 735 1465 1.7067720664359822 315.69646055265855

None 1 23 23 880 824 15.430298636132958 317.4032326190945

None 1 24 24 542 554 3.7690604911801375 332.83353125522746

None 1 25 25 541 1277 10.09801312344755 336.6025917464076

None 1 26 26 392 1372 0.4054910749318553 346.70060486985517

None 1 27 27 352 300 4.962866430633872 347.106095944787

None 6 28 28 282 225 3.4434513085424556 352.0689623754209

None 6 29 29 283 870 17.61904671754125 355.51241368396336

NL.IMBAG. Pand.
0503100000031391

6 30 30 239 912 3.471252839117845 373.1314604015046

The same procedure was followed to check the algorithm with the addresses point
dataset. Again, they have been selected two nodes and the optimum path followed
to get connected was determined. Then, the lengths of some edges were modified
to extract the adopted to the shortest length path. The results are shown in Figure
[5.13].

Figure 5.13: Cost-optimum path detection- addresses dataset
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From the above examples, as well as summarizing the overall results of intensive
analysis and processing of the original data, it is concluded that following the basic
principles of topology and logical connections between networks, it was possible
to create a coherent network capable of different applications. However, it is noted
that to achieve the final product, a significant number of assumptions were made
as important information was absent. For example, with the existing reconstructed
network, the maximum flow of the pipes could be calculated (using pgr functions),
based on their spatial capacity. Especially for sewage networks, their capacity ac-
companied by the dimensions and material of the pipes contribute significantly to
the development of more detailed models and simulations of their operation, which
is a suggestion for future research. Based on the latter, both the summary of the
present work and future work are presented in the next chapter.

5.3 comparison between the building-centroid
and addresses approach

The completion of the tests per case study using the two approaches, the building-
central and the address points, resulted in different results in terms of servicing the
ground objects from the underground utility networks. In more detail, in the first
case, which was considered as the connection point the centroid of the buildings, a
simplified version of the connection of the underground networks with the ground
objects is presented. This may be a strong simplification, which was based on
estimations but since there was not available a clear connectivity link between the
existing entities, this approach presents a logical representation of reality.

On the other hand, using the address point data set, a more accurate connection was
achieved between the utility underground networks and the above-ground entities.
This accuracy stems from the fact that a better spatial distribution of connection
points between networks and ground objects was evident in this dataset. Unlike
the centroid that represents an entire building, the addresses are scattered around
it and therefore there is better spatial information. Having multiple connectivity
points (available in the addresses dataset) more accurate integration is achieved.
This results from the first case study, where, in a pipe failure, the first approach
generalizes the damage at the building level, while using the addresses only a part
of the building appeared to be affected. However, in both cases, assumptions have
been made as an expert, who can verify these links, and their reliability was not
apparent.

5.4 results discussions/limitations

Completing the analysis of the data in terms of their content as well as the study/ef-
ficiency of the produced product (topological graph representing the underground
utility networks), various shortcomings were noted. These shortcomings are due
both to the content of the available resources and to the various assumptions that
had to be made to examine whether and how it is possible to create the desired
model and its usefulness. Below are listed the explained the limitations per as-
sumption.

1. Topology reconstruction: Considering the state of the original datasets, a set
of assumptions should be made to reconstruct their topology and create a
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connected network. These assumptions are related to modifications in the
topology and/or geometry of the data, such as the relocation of some edges
representing the pipes/cables and/or the addition of new ones to connect
network elements. These network elements correspond to both the lines and
points available in the datasets. With respect to the last-mentioned elements
corresponding to the nodal network points (appurtenances) that connect the
existing disposable pipes and/or auxiliary pipes, due to their incomplete and
vague content, they were replaced by the topological nodes bounding the
edges of the network graph. To have a fully topological connected network,
both geometrically and in terms of attributes, these points (survey points see
section 3.4.3) were associated (spatial overlay) with the topological nodes ex-
tracted during the data processing procedure, with the ultimate goal to main-
tain their attributes and they were not further utilized. The limitation, in this
case, is that due to their vague topology and not direct connection to the net-
works, it was not possible to consider them, as non-negligible changes had to
be made to the entire dataset, something that went beyond the scope of this
thesis. However, the relationship with the topological nodes was essential to
preserve the original information in the final model, since they represent the
initial geographical information.

2. Underground utility network 3D information: Although the provided dataset
were considered to include the third dimension (depth), this information was
quite limited and/or absent. A complete transformation from a 2D line/edge
to 3D means that each point that forms the line must be assigned a depth (Z
information), so the corresponding geometry will include all dimensions. So
to extract insert the desired 3D information the digital terrain model of the
study area was used. This solution worked temporarily as geometric 3D in-
formation was rendered at each point of the pipes that make up a network,
but this affects the exact representation of reality, as the lines are draped on
the ground model following the corresponding slopes. Especially in the case
of the underground networks where we talk about concrete pipes/cables that
are placed at fixed locations (based on the standards and specifications per
facility) this technique is limited, while for the sewage network, in particu-
lar, which is the only one has to follow an inclination (in order for the pipes
product to be able to flow) further information was needed. As a result, the
3D information added to the data does not correspond to reality and it was
retained for data exploration reasons, for understanding the differentiation of
network levels as well as for the optimization of their visualization.

3. Underground utility network integration with the above-ground objects:
For the integration of the available below-ground networks, it is noted that it
is limited in the connection with the buildings of the study area (as a unit) and
in the available addresses. Other city objects related to the network elements
that theoretically correspond to the ground points that should be connected
and/or serve, were not sufficient, either in terms of their exact location (in-
accurate position) or based on their connectivity to any of the available and
thus, were not utilized. For that reason, it was assumed that the buildings
(represented by a point), as well as the addresses, are connected to the nearest
topological nodes of the pipes of different uses. In this way, the derived inte-
grated model concern a limited part of the above-ground condition, which is
based on logical connections between the available entities (nearest neighbor
relationships).

4. Relational database modifications: Once the model was created, it was stored
in a customized relational database. In order to use the database and its capa-
bilities for further network applications, the data have been modified to follow
the principles of internal linking between different tables containing the geo-
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metric information of different elements (lines, points). The logic of modifying
attributes of the data is the development of interdependence relationships, so
for the available information to be combined and each time depending on the
application the corresponding result to be extracted, while in case of a change
in a table the associated information on the related one, will automatically
be updated. For example, in the formats developed in the present work to
identify the optimum path between two (or more) nodes, information stored
in the different tables had to be joined in order to acquire the route in terms
of the edges as well as the related to the attributes. This internal connectivity
was successfully achieved with the help of a table in middle the allows the
join of the different tables stored in the database.

During the research of the most appropriate functions and queries needed
to be executed to implement the real-world scenarios, some problems with
3D information had arisen. More analytically, as the data with line geom-
etry did not contain all the three-dimensional information, but only at the
starting and ending points (nodes), a restriction on a set of properties related
to the Z (3D) information was revealed. Although the column that stores
this information included the third dimension, the corresponding geometry
did not and so, due to the unconventional storage of this relevant data, the
geometry was forced back into 2D, in order to be able to execute the routing
algorithms. Through the return to 2D, and while utilizing the pgRouting topo-
graphic functions, other issues related to the loss/absence of 3D information
detected. Specifically, when the nodes were to be created for the development
of a topological connected network, the algorithm could not automatically
separate the differentiation of the networks based on their use and level. The
consequence of this is the wrong correlation and further exploitation of un-
derground networks. Auxiliary structures, therefore, had to be created, which
increases the complexity of developing and studying the various functions
and their corresponding effects.

From the above statements, despite the lack of information and the assumptions
made, it was possible to move from the geographical information to the topological
graph. Of course, the initial constraints on the data related to the status of their
content, imply the creation of chain constraints, which were solved each time by
making assumptions and/or simplifications of the original data, keeping those that
were in a more efficient condition and could be used (better quality/quantity in
terms of geometry, topology, attributes).

Summarizing the condition of the data and the existing limitations that directly
affect the quality of the produced model can be mentioned and suggested the fol-
lowing:

The complete and accurate representation of reality suffered from shortcomings
in terms of quality and quantity of data provided. In addition to the lack of infor-
mation about the features as well as their disorganized topology and geometry, the
data lacked basic metadata that would facilitate their understanding and reduce
(if not completely avoid) assumptions. Specifically, concerning the first category
(attributes), all units of measurement were absent and therefore the perception of
volumes of physical (measurable) quantities (network edges and their length) was
limited. Since the fields (filled or not) are related to the length of the pipes, their
dimensions, and the reference surface used for the depths, it was important to de-
termine their units of measurement to communicate the values of the presented
quantity to the user. Another obstacle was the discrepancy between their content
and any of the existing standards and therefore the impossibility to use already
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developed schemes/structures that support the storage, representation, and analy-
sis of underground utility networks. International standards presuppose the exis-
tence of data that follow the current rules of compliance with content and formats
with the goal of avoiding making decisions based on bad data that lead to poten-
tially undesired consequences. A direct mapping of the available data to any of the
standards supporting such geometries and attributes is not a straightforward proce-
dure. Considering the amount of the existing inconsistencies in terms of topology-
geometry-attributes the content of the data apart from a detailed cleaning needs
to be enriched with attributes corresponding to the standard that is to be used for
the mapping. In our case, that was not immediately possible, since although the
data were cleaned and their topology was reconstructed, they cannot be considered
completely reliable/realistic due to the assumptions have been made. However, the
mapping process would be more valuable if it was possible to enrich the data with
all the necessary elements (for the current standard) from the beginning of the data
creation, otherwise, many assumptions need to be made again to suit the needs
of the networks. Finally, the information that was missing for the creation of the
requested model was that of the third dimension. As efforts are made to create
representative models and simulations of reality, the third dimension that defines
the size, location, and orientation of objects (terrestrial and underground) and its
inclusion in vector data are crucial. Nevertheless, it is, also, of vital importance for
the corresponding topology to represent reality since it stores all the information
about the objects and the between them relationships. Therefore, prioritizing the
needs for creating a model, we need first, a sufficient amount of data, a correct
topology that corresponds to reality, and then the addition of the third dimension
that clarifies the different levels in the model.





6 C O N C L U S I O N S A N D F U T U R E W O R K

6.1 research overview

The overall goal of this thesis was to develop a three-dimensional model that would
combine underground utility networks with above-ground objects (city objects) to
depict a holistic 3D model of our urban environment. The underlying idea that was
the driving force of the current thesis was the fact that simulation is an extremely
valuable approach for understanding such complex systems (combination of below
with above-ground objects - e.g. in the case of underground utility networks). As
a result, their modeling became a standard tool in many engineering domains and
currently, efforts are made by the GIS community, to extend and improve their dig-
ital representation. Combined with optimization simulations, in particular, these
models progressed from a troubleshooting tools to standard virtual validation tools
and, eventually, design driving tools. The main idea of the thesis (starting point),
was the creation of a 3D model combining the underground with the above-ground
information (utility networks with city objects) that would be mapped according
to CityGML Utility Network ADE rules, in order to simulate reality and examine
its usefulness in real-scenarios applications. However, the key concern during the
different stages of thesis implementation was to get a more comprehensive model
that required to account for topology. Although 3D information plays an important
role, it is not possible to consider it while having a "broken" topology. It was made
clear that these two key factors are of equal dignity for the development of the de-
sired model. So in the first place, the provided data was inspected in the form of
depths, as we are dealing with underground settings, or through pertinent height
data (semantic height information), examining at the same time the condition of
the existing topology (evaluating the amount of inconsistencies) and the utility of
having a coherent model in various applications. To accomplish this, it was neces-
sary to employ qualitative and quantitative analysis (statistics) to split their content
into useful/usable and incomplete/irrelevant categories in order to address both
the core research questions and other questions that occurred during the familiar-
ization with the data. The main research questions addressed by this thesis are:

• How is it possible to model utility networks in 3D, integrated with the above-ground
objects, such that they can be suitable for multiple uses?

– Answer: The answer to the question is: partially achievable, using the
available tools/software. It is indeed possible to have an integrated model
(graph) from the underground utility networks with the above-ground
objects (in our case the buildings) but this was implemented by making
a set of assumptions related to the topology of the provided data. Re-
garding the 3D information, it was added to the data with the use of the
digital terrain model, but yet there is a considerable distance between the
current model and a comprehensive one that would include a fully cor-
rect topology, as well as would include the 3D information. The critical
points for the creation of the desired model were both the existing at-
tribute information and the topology of the initial dataset that constitute
the basis for the implementation of any network application. The recon-
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struction made allows for routing analysis in any network for which the
3D information does not affect its use. For example in the case of cables
and pipes where the gravity and/or ground inclination do not affect the
transportation of the cable/pipes product the graph can effectively be
used. However, in the case of sewage networks, 3D information plays
an important role when it comes to the simulation of their use (e.g. flow
direction).

• How to represent a direct connection with the above-ground condition?

– Answer: The answer to this question is: by converting the geographical
information to a topological graph. A direct connection between the avail-
able objects means the creation of relationships based on their function.
These relationships are related to both the connection between geome-
tries as well as the creation of attributes allowing for their internal con-
nectivity (primary-foreign key relationships). In the case of the build-
ings used in the current thesis, their geometry had to be modified and
from polygon representation they were replaced by point representation.
This was done, in order to create the connections between the topolog-
ical nodes and the building point (centroid) used to represent it (point-
to-point connection- "virtual edge" creation- same approach for the ad-
dresses case).

• Is it possible to achieve that connection?

– Answer: The connection between the underground utility networks with
the above-ground objects used (buildings) was possible. This connectivity
is now apparent in the attributes of the different datasets, after associat-
ing them internally utilizing the new added attributes that allow for the
creation of interdependence relationships.

Based on the results of this preliminary analysis and the first contact with the data,
other questions arose, such as:

• Is the 3D information useful? -for the current as well as for other applications

– Answer: The available in the provided Tu Delft datasets 3D information
was not useful directly. It is noted here that the 3D information was not
useful since its amount was quite limited and/or could be considered
reliable due to metadata absent. Thus, the 3D information extracted us-
ing the DTM of the study area only facilitated a better understanding
of the underground networks and the differentiation of the levels they
are located. However, these layers were created based on assumptions,
and thus the 3D information cannot be considered reliable. In the cases
studied, which are applied to a 2D graph, the 3D information does not
directly affect the results. However, if 3D information and/or other infor-
mation was available regarding the gravity and the slope of the ground,
then it would be crucial for sewage simulation. This simulation would
be a more reliable model that could represent the flow direction of the
transported product. The significance of 3D information depends on the
application and the purpose for which it is to be used.

• Can 3D information be replaced by relevant information?

– Answer: This question cannot directly be answered, since in our datasets
although there was available (some) information about semantic height,
it was not known the reference surface used and the exact meaning of the
available values, and thus these details were not utilized. In case both in-
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formation was known another process could be followed (offset from a
specific surface -that would lead to a more accurate depth determination).
Depending on the accuracy and reliability of this information (semantic
height information) the derived model will have the corresponding relia-
bility.

• Is it possible a limited 3D information to be extended to a larger network?

– Answer: Same as the previous question, there is no concrete answer. In
case there was an accurate 3D information on the datasets (even partially),
other approaches would be followed for its extension to the whole dataset
(e.g. spatial interpolation techniques).

According to the above-mentioned questions, the methodology to be developed for
the desired modeling, which was applied to a part of the Delft University of Technol-
ogy in the Netherlands, was clarified, by utilizing the vector datasets provided by
Directie Campus & Real Estate Department. The main phases developed in this pro-
cess concern the detailed study of the datasets, seeking their full understanding in
terms of their content (attributes, geometry, topology), and their process (cleaning,
processing, integration) in order to modify them to cover the needs of the proposed
application. The very first stage is one of the most important steps in identifying all
the constraints as well as the possibilities of exploiting the data by developing the
appropriate approaches.

To move forward to the 3D model creation, the original geographical data had to
be replaced with their digital graph, which is nothing more than their topological
representation in the form of a graph, by utilizing various tools (software) and ap-
proaches. Several constraints were revealed throughout this transition (see Chapter
5.4), which were temporarily overcome with key assumptions, simplifying the com-
plexity of the network representation and the associated information. Final step
before the implementation of real-scenarios applications was the integration of the
underground utility networks model with the above-ground city objects, which in
the current thesis were considered only the buildings of the study area. This integra-
tion was aimed in order to be able to detect the direct connection between the utility
networks and the corresponding buildings they serve, as well as with the available
addresses, acquiring this way a complete view of reality and the interdependencies
between below and above ground objects.

6.2 discussions & limitations

Completing the research of the present dissertation and combining the results with
the existing ones in the available literature (see Chapter 2.3), it was observed that
their common point is the low quality of the vector data used in each application.
The development of any application requires the existence of a satisfactory data
set and/or combination of data from different sources to meet the needs of each
application and achieve the desired result. In this thesis, where the desired model
aims to represent underground utility networks and their relationship to above-
ground city objects, data of the existing cables and pipes accompanied by other
network elements related to them were utilized.

For the creation of the 3D model and its utilization in various applications, as men-
tioned above, the data were examined in detail in terms of their content (qualitative
and quantitative). The results of this analysis confirmed that the same restriction
pattern observed in the relevant study studied was also evident here. These lim-
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itations concern the characteristics of the data in terms of their completeness and
reliability, the network topology, and the existence and/or not of the desired 3D
information. No matter the application a dataset should be accompanied by a de-
scription of their content, while their compliance with one of the available standards
will allow for the data further utilization. In more detail, starting with the first cate-
gory, a significant shortcoming of the provided data is related to the metadata and
the limited and/or missing information related to data attributes. The lack of a tex-
tual description of the data makes more difficult to understand their content, while
the limited information leads to either the production of incomplete results or to
hypotheses that limit the quality of the final result. When it comes to spatial data of
any category, the user who is not always directly related to the object and content
of the data should be able to understand their content before processing it. In all
the research that has been done this description is absent in most of the available
data, something that increases complexity in the data processing procedures.

Another important limitation of datasets was some missing features and/or invalid
values. In all datasets, the existence of several empty records limited the applica-
tions that could be developed due to their inadequacy. Therefore, simplifications
had to be made, and/or their use should be excluded. In addition, the way in
which they are stored follows a customized format, which deviates significantly
from any of the existing standards that support the storage and representation of
relevant data. The consequence of this is the fact that the produced result followed
this form and therefore their mapping to a standard is not immediately possible. Fi-
nally, regarding the stored information in terms of the topology of the networks, a
considerable amount of inconsistencies were detected. These discrepancies cost the
network connectivity as well as the creation and representation of interdependence
relationships between the network elements. The reconstruction of topology in this
thesis was achieved up to a certain extent, after the personal discussions with the
data provider as well as to a set of assumptions.

As far as the availability of the 3D information is concerned, it was negligible. Al-
though the data were considered to be in the third dimension of the total only a
few records included the relevant information. This information, however, could
not be considered reliable as information relevant to the reference surface from
which it is measured was missing and in combination with the quality of data as a
whole was not considered reliable. The absence of three-dimensional information
combined with the poor quality topology of the available networks resulted in the
reconfiguration and redefinition of the research questions. From the original idea
of simulating the sewage underground utility network and representing the flow of
the product inside the pipes, the focus was on creating a topological model which
could then be enriched with the third dimension. An important observation that
emerged after the overall processing of the data is the need to improve them in
terms of their topology and their 2D information. Indeed, three-dimensional infor-
mation is important both for the better visualization and perception of the depicted
object, as well as for the development of applications that require 3D knowledge
(e.g. simulation of pipe inclination). In the present work, it was deemed neces-
sary to improve and reconstruct the existing topology as without it it would not be
possible to develop any application. Given the lack of the third dimension, it was
chosen to develop applications that are not directly affected by its existence. The
algorithms that are created are efficient for any 2D network, provided that there is
a correct (topologically) network.

The significance of the 3D information can be considered application-based. In
more detail, depending on the application and the respective needs, the existence
or not of the third dimension is a critical point. As mentioned above, in the case
of creating a 3D model of underground networks, the knowledge of the relevant
information is of great necessity. However, taking into account the nature of the



6.3 future work 83

networks, of the same importance appear to be the existence of a coherent topology,
as without the latter the first cannot be created. For example in the current thesis,
where the initial goal was to create a simulation of the flow direction through the
pipes, knowledge of the three-dimensional information was crucial. However, the
state of the data reveals more significant problems than the absence of the third
dimension, which concerned the creation of a correct and coherent topology be-
tween the networks and their components. On the other hand, in an application
such as 3D simulation of individual city objects, knowledge of the third dimension
plays a key role. Therefore, the significance of the third dimension is defined by the
application and the respective needs.

6.3 future work

Considering that experiments with real data are a time-consuming procedure, in
terms of the time required to understand their content, structure, internal relation-
ships, and interdependencies with other datasets, various adaptations, tests, and
experiments have been postponed for future work. Future research should focus
on a more thorough examination of the complexity of utility network systems and
seek to harmonize and integrate existing information with available data models. To
achieve this, the content of the relevant information should be enhanced in terms of
quality and quantity corresponding to their attributes, geometry, and topology. This
thesis focused mainly on examining the possibility of creating a three-dimensional
model of underground utility networks integrated with the relevant (above-ground)
city model objects. The goal was to explore its usefulness and utilization, obtaining
the optimal result, in real-world applications, inspired by existing literature.

Taking into account the current outcomes as well as the limitations that affect a de-
tailed representation of reality, attention should be paid to the development of data-
driven strategies that focuses on improving data quality and data governance in an
attempt to optimize the particular network performance. Considering the different
types of errors/inconsistencies, these data-driven strategies should be accompanied
by manual inspections since, from the data cleaning/processing procedure followed
in the current thesis, it was made clear that not all challenges could be solved au-
tomatically. Once the available 2D data of the underground utility networks are
repaired in terms of the quality of their attributes, then it will be possible to start
the adaptation to the 3rd dimension. The recommendations below provide some
possible directions for future work.

6.3.1 Data quality improvement

The available data (either public or private), are the basis for the creation of a model
as well as determine the quality of the final result. Based on these starting points,
and according to the difficulties that have arisen and the obtained outcomes of the
present work, the most important point is to improve the quality of their content.
During the analysis of the data, in terms of their semantic information, and the
more we delved into the details of the attributes, it was perceived that the provided
information was incomplete and/or absent (e.g. metadata). This fact undermines
the understanding of the data and their content and affects at the same time their
correspondence with reality. This derives from the fact that the data did not appear
to follow any standards in which would be documented certain agreements and
specifications on how they should be represented, formatted, defined, structured,
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manipulated, and managed [EPA, 2020]. The ultimate goal of adopting a standard
is to improve the quality of the data as well as to promote interoperability, sharing,
and the ability to use them in various situations. More specifically, having as a
reference point the data provided in this thesis, it was realized that in terms of
their semantics they were of low quality, which makes their use complicated and
reduces the likelihood of their reuse. Therefore, the immediate use of them for any
application is not a direct process and they need to be modified in advance, which
increases the cost in terms of time and thus, they become ineffective.

Considering the advantages and disadvantages of the existing data, as they appear
from the literature study and from the results of the present thesis, in order to
improve them, it is necessary to combine certain methods and techniques. In par-
ticular, the available data should be used firstly, and the above steps (see Chapter
3, Figure 3.1) of restoring their topology should be followed. Then, where neces-
sary, and in case of missing records, additional field measurements should be made
so that the data correspond to the current state of the networks. For example, for
the improvement of data quality Ground Penetrating Radar (GPR) technology is
widely used. Taking into account the nature of the underground networks, it is
not possible to excavate unwisely. GPR, on the other hand, allows for the detection
of man-made objects, gaps, and layers of different combination or water content
in the underground, by measuring the delay and power of electromagnetic (EM)
signals scattered and reflected at permittivity discontinuities. These irregularities
are attributed to differences in materials or differences in material properties, al-
lowing for their detection. This technique is quite useful for the determination of
the depths of the existing underground networks. However, before moving to ex-
tra field work, the available information should be utilized, per data category. In
mode detail, considering the complexity of the stored features and the attributes
that characterize them, the different data types and values stored in the vector data
structure must be valid. In order for existing data to be ready for use, it must, first,
be valid [Warner, 2021]. This validity is determined by specific parameters (Figure
[6.1]) concerning:

1. Schema verification: When creating data, the primary goal should be to en-
force its correctness. This implies the control of their fields, both in terms of
their content and their representative name, the types of attributes (e.g. string,
integer, double, varchar a.o.) accompanied by their units of measurement,
especially when it comes to geometric objects and the correct definition of
the coordinate system. In this check, the existence of metadata is of vital im-
portance, since it contributes to the immediate familiarization with data by
providing information about its aspect and summarizing their content, while
they contribute to the reduction of redundancy between systems.

2. Data values verification: In this case, the control becomes more specific and
concerns the actual values of the fields. Before sharing the data, it is necessary
to verify that their content is true, complete, and reasonable to use. For exam-
ple, both in our case as well as in the relevant research publications, empty
records were present, which either had the value "NULL" or another value
without and/or with the same meaning (e.g. "8888"). When the user comes
in, takes the data, and comes and sees such values, problems arise about how
it can be used. Therefore, these values should be described (e.g. in case of
their forced existence there should be a description) or completely absent (if
possible).

3. Geometry validation: One of the most important problems addressed during
the research is of a geometric and topological nature. In particular, as we use
geometric entities that represent networks, their connectivity should follow
their true state (as-built condition). This is something that is missing from
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relevant data to a significant extent. They are, as mentioned above, inconsis-
tencies prevented the correct topology of the networks from being achieved.
Consequently, the data should be modified by the user itself before their actual
use. Thus the creator of the datasets must make sure that the network topol-
ogy is correct, there are no duplicates consecutive lines and/or overlapped
parts and/or left-overs, and generally degenerated or corrupted geometries.
The correct datasets lead to correct decision making procedures.

4. Internal relationships between datasets: In this case, we are referring to those
data fields that are used as a way to restrict or link related data. More specif-
ically, in this case (of the underground networks) there were connections that
concern both the networks (internal connections with sub-networks) as well as
with other networks elements (survey/measured points). Given the amount
of data and current needs in GIS management, an effective way to store and
further manage them is a relational database. The usefulness of a database
management system for storing this information is determined, among other
things, by the amount of data that is or will be stored, the type of use that will
be made of it, and the number of users who may be involved [ITC and Ob-
servation, 2015]. Databases are critical in the case of the such models, which
contain a set of various records because they allow for keeping track of all the
data by querying the relational database according to user needs. By querying
a relational database, the data stored in the different tables can be associated,
in case they share common attributes (primary-foreign key relations). The
existence of these keys allows for the investigation of dependence, which facil-
itates the immediate tracking down of the data and improves the performance
of the data retrieval operations [Slawinska, 2021]. Additionally, if a change to
one dataset takes place then the corresponding associated table of the related
datasets will be updated automatically, which saves time and prevents further
errors.

5. Verification of compliance with standards: As mentioned before, in order
for the data to be usable and reusable, they have to follow and comply with
a set of existing specifications. Standards enable integrity and comprehen-
sion and their adoption provides a shared understanding of data that are
frequently reused, while at the same time their mapping to a standard al-
lows for comparisons with relevant information. Finally, they also provide
consistent outcomes during data retrieval maintaining the initial information
stored to them. The most common standards supporting utility networks are
the Open Geospatial Consortium (OGC) CityGML, INSPIRE as well as other
international (ISO) standards.
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Figure 6.1: Suggested harmonization and integration methodology for spatial planning data
harmonization

Inspired by: https://www.interreg-central.eu/Content.Node/CE906-BOOSTEE-CE-D.T1.1
.2-Methodology-to-harmonize-and-integ.pdf

In addition to the previous verifications, what can become particularly critical for
the "recycling" of available datasets is the correction as well as the reporting of incor-
rect and/or ineffective data. A specific example is the data used in this thesis, which
can be characterized as a miniature of the current state of the majority of relevant
datasets, related to underground networks, but also a wider range of data. Once the
inconsistencies are identified, the next step should be to record and improve them
(as much as possible, if not completely) in order to maintain, as well, a history of
change. Especially in the case of utility networks, a history change is valuable, since
it may concern not only the improvement of the data at a certain time but also the
modification of them based on real-time changes in networks’ as-built conditions.
Depending on the data type and the number of inconsistencies, schema mapping
should be applied to match the destination data model, while attention should be
paid to the network topology reconstruction. Regardless of the degree to which
datasets are poorly compatible, the user should create a report on their content, as
the underground utility networks play a vital role in the proper operation of cities
and the need for their digital representation use is growing exponentially.

6.3.2 Enrich data content

Underground utility networks are characterized by particular complexity. Although
there are many independent networks, there are relationships of interaction or even
interdependence between some of them. Therefore, the ability to differentiate them
in terms of their location under the ground (depth layers), as well as the identifica-
tion of the aforementioned relationships, are critical prerequisites, so for a digital
model to reflect reality and to be utilized for the development of projects concern-
ing urban environment. Based on the continuously efforts made for putting the
available geographical information across to its digital representation, the existence
of the 3D knowledge is invaluable. The 3rd-dimension does not correspond only
to the Z-coordinate (depth value determining the location of pipes/cables) but also
in the dimensions of the stored in the vector data structure objects (pipes/cables -
e.g. geometry: polygon). By enriching the data with the information of these di-

https://www.interreg-central.eu/Content.Node/CE906-BOOSTEE-CE-D.T1.1.2-Methodology-to-harmonize-and-integ.pdf
https://www.interreg-central.eu/Content.Node/CE906-BOOSTEE-CE-D.T1.1.2-Methodology-to-harmonize-and-integ.pdf
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mensions and/or the material of the cable/pipe in use, it will be derived a more
detailed simulation concerning a 3D topological model accompanied by its function-
ality. In more detail, apart from the topological connectivity between the networks
and the above-ground city objects, the ability to define the carrying capacity of the
networks (based on their use) is of utmost importance. Having this information, or
associated values it will be possible to calculate and evaluate the carrying capacity,
and therefore the number of the city objects they can serve. This extra information
adds detail to existing model and thus the more information is added the more
the model is enriched with different levels of detail (LoD). In addition, it would be
beneficial to have the information about the ground points where the cable/pipes
are connected to (destination point of service). Considering that these points are
located on the ground surface, they can be collected by doing a survey (fieldwork)
and measuring their location with a GPS (Global Positioning System) accompanied
by a textual description of their use, and dimensions. In this way, it would be
achieved a direct connection with the datasets include the relevant point informa-
tion. Finally, the information mentioned above, regarding the history change, is
also necessary since time is an important dimension in geospatial visualizations
and analyses. Time contributes to even more detailed models - spatio-temporal
models that allows for more organized representation of space and time in a GIS
system. Regarding the new data of the underground utility networks, it is noted
that they should be digitized according to the proposals mentioned above, as from
the research of the present research, it was found that the available data shows the
same errors and inaccuracies. Again, not all attributes in a data set are necessary
for all types of applications, and storing many different attributes in a custom way
does not solve existing problems. New datasets should be compatible with available
standards and the relevant features should be complete for further use.

6.3.3 Future applications

The way users perceive, expect, and consume spatial data in their applications is
heavily influenced by the current context, projects, and market needs. Interactions
among these three components serve as the foundation for geoinformation system
requirements at any given time. At the moment, these interactions translate into
systems that must operate in a networked environment. Based on that, a useful
application for more efficient handling of such data models would be the develop-
ment of a 3D WebGIS applied to utility networks. Considering the privacy of the
providers of the underground utility networks, the interested user (e.g. construc-
tion company) will be able to access the online platform upon request, where he
will be able to browse the available information. This partially has started to be
developed in the Netherlands, using KLIC services (see Chapter 2). A 3D WebGIS
would support and extend the current KLIC services and in combination with the
actions required prior to excavation, it would be beneficial for any constructor (re-
lated to utility networks) to enter the web map and be able to visualize (and/or
access and store) third party network datasets by area of interest. So far this service
is limited to providing 2D portable document format information, which does not
provide sufficient data about the current state of the underground networks. This
form of information makes it difficult to be used immediately. Given the constantly
evolving forms/shapes of technology, it is crucial to store and distribute spatial in-
formation to the competent bodies (e.g. Land Registry), so that a relevant user can
receive the information he needs but also enrich it with the changes that are going
to implement in the field. In order for the application to be practically useful, it is
necessary to meet technical specifications and guides that will address interoperabil-
ity issues among geo-resources [ITC and Observation, 2015]. Here it is made clear
the necessity of the existence of correct, in terms of quality and precision, datasets,
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which contain the fundamentals for any application. Thus the attention should be
paid first to the reconstruction of their content, in order to make them compatible
with the available standards, and then, more advanced technological applications
and models can be derived. All of the above mentioned actions will lead to the im-
provement and development of comprehensive 3D models that combine the above
with the underground information and will contribute to the development of secu-
rity and risk management, architectural planning, utility network planning and will
improve decision making procedures.

6.4 reflections

Completing my studies at the MSc. of Geomatics at the Delft University of Tech-
nology has laid the foundations for knowledge and hands-on experience in obtain-
ing, analyzing, modeling, managing, storing, and visualizing existing spatial data.
Throughout the current thesis and depending on the stage of the methodology de-
veloped, the specialized knowledge gained from the various courses proved to be
particularly useful. It became clear that the creation/simulation of a model that
represents reality requires a combination of various datasets, the appropriate tool-
s/software as well as the related technical knowledge in order to properly merge
the available information and finally produce -depending on the application- the
desired result. Apart from that, throughout the cleaning/processing of the data
it was understood the remarkable value of having a correct topology, representing
reality, since based on that we can move forward to data integration and addition of
the third dimensions. Although the main idea of the thesis was the creation of a 3D
model combining the below with above-ground information, it shown up other dif-
ficulties that bereft of the integration of the existing data. On the contrary, I came up
with a more complex problem concerning the topology of the underground utility
networks, the way it was stored in the vector data structure and how it was possible
to reconstruct it in order to create usable data. Throughout this process and during
the implementation of all the different phases of the current thesis, was gained ex-
perience as well as it was improved my theoretical and practical knowledge of the
urban and natural environment. Finally, it clearly indicated the importance of hav-
ing high-quality datasets capable to be utilized immediately, avoiding cost-effective
procedures for modifications.
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7 A P P E N D I C E S

7.1 fme workspace

7.1.1 Example of the FME workspace for data processing

In the Figures below are presented some examples related to the data processing
phase of the thesis. In the first one are presented some of the FME transformers
used for the reconstruction of topology, while in the second one is presented the
approach followed to create the virtual edges between the entities of interest.

Figure 7.1: FME workspace example- sewer network processing

7.1.2 Example of the FME workspace for virtual edges creation

Figure 7.2: FME workspace example- virtual edges creation
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7.2 case study: scenario 1

An example of the queries used in order to detect the pipeline affected by a pos-
sible damage -building-centroid approach. The tables ′Networknoded′,′ Network′

correspond to the modified according to pg_routing rules underground utility net-
works that derived from the latter table (Network), where all the available sewage
networks are stored. The tests were examined using the main sewage network and
the associated with it plot connection pipes.

...

SELECT net16.building_id, net16.network_id, route.*,

edge_geometry.geom

FROM Network_noded AS edge_geometry

JOIN (

SELECT * FROM pgr_dijkstra( 'SELECT id , source ,
target , st_length (geom) AS COST

FROM Network_noded ',508, array[738,1260,304],

false)

) AS route

ON edge_geometry.id = route.edge

INNER JOIN Network AS net16

ON net16.id = edge_geometry.old_id

...

An example of the queries used in order to detect the pipeline affected by a possible
damage -addresses approach. It is noted that the table ’duplicateadr’ stores all the
overlapping points correspond to the different addresses placed at the same location
in a building polygon.

...

DROP VIEW IF EXISTS CASE_1

CREATE VIEW CASE_1 AS (

SELECT DISTINCT(topo.addressn), topo.housen, topo.pandid, topo.geom,

topo.network_id, topo.node_start, topo.node_end, edge_geometry.id

FROM (Network_node AS edge_geometry

JOIN (

SELECT * FROM pgr_dijkstra( 'SELECT id , source ,
target , st_length (geom) AS COST
FROM Network_node ',753, 878 ,false)

) AS route

ON edge_geometry.id = route.edge

JOIN Network AS topo ON topo.id = edge_geometry.old_id))

SELECT (COUNT(DISTINCT(dup.nummeraand))), dup.nummeraand, dup.

networkid, dup.nodeid, dup.pandid

FROM duplicateadr AS dup LEFT JOIN CASE_1 ON CASE_1.pandid = dup.

pandid

WHERE EXISTS (
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SELECT CASE_1.addressn from CASE_1

WHERE CASE_1.pandid = dup.pandid AND (CAS E_1.node_end = dup.

nodeid or CASE_1.node_start = dup.nodeid) )

GROUP BY dup.nummeraand, dup.networkid, dup.nodeid,dup.pandid

...

7.3 case study: scenario 2

An example of the queries used to detect a cost effective route.

...

UPDATE Network_node

SET modified\_length = st_length(geom)

UPDATE Network_node

SET modified\_length = 1000000

where id = '508 ';

...

...

SELECT net16.building_id, net16.network_id, route.*, edge_geometry.

geom

FROM Network_noded AS edge_geometry

JOIN (

SELECT * FROM pgr_dijkstra( 'SELECT id , source , target ,
modified_length AS COST

FROM Network_noded ',420, 432,

false)

) AS route

ON edge_geometry.id = route.edge

INNER JOIN Network AS net16

ON net16.id = edge_geometry.old_id ...



98 index

7.3.1 Completed table for cost-effective route including geometry column

Table 7.1: Cost-effective route detection including geometries and building’s service
Building ID Network ID seq path_seq Node (source) Edge ID Cost Aggregated cost Geometry

None 1 1 1 321 1460 9.473446425792797 0.0
010200002040710000020000004E315E2319C2F44031BE10297

1401B4100567DAE3DC2F440C00968624C401B41

None 1 2 2 467 469 38.28246923214117 9.473446425792797

0102000020407100000200000000567DAE3DC2F440C0096862

4C401B41C409508922C3F4407CB92C58BE3F1B41

None 1 3 3 468 470 11.203377038251343 47.75591565793397

01020000204071000002000000C409508922C3F4407CB92C5

8BE3F1B418BF2C38265C3F440797CC1C6943F1B41

None 1 4 4 469 917 4.495574098592385 58.959292696185315

010200002040710000020000008BF2C38265C3F440797CC1C6

943F1B4100AEB66280C3F44080ABAD18843F1B41

None 1 5 5 495 501 2.200004634384923 63.4548667947777

0102000020407100000200000000AEB66280C3F44080ABAD1

8843F1B419F371FCC8DC3F440211FCEF57B3F1B41

None 1 6 6 496 502 17.285455657800174 65.65487142916263

010200002040710000020000009F371FCC8DC3F440211FCEF5

7B3F1B417AFE702CF7C3F440D6E4A6083C3F1B41

None 1 7 7 497 503 22.002865106390114 82.9403270869628

010200002040710000020000007AFE702CF7C3F440D6E4A608

3C3F1B41CC87EC4E7DC4F440043A40A9EA3E1B41

None 1 8 8 145 504 20.49926845392435 104.94319219335291

01020000204071000002000000CC87EC4E7DC4F440043A40A
9EA3E1B410B90D646FAC4F4400F9264D99E3E1B41

None 1 9 9 226 505 21.49996330294493 125.44246064727727

010200002040710000020000000B90D646FAC4F4400F9264D99

E3E1B41003E79587DC5F440804F1E564F3E1B41

None 1 10 10 396 360 25.199975697894235 146.9424239502222

0102000020407100000200000020177B587DC5F440C12E1D564

F3E1B41A5AD542F16C6F440F88D280FF23D1B41

None 1 11 11 397 361 12.455136142233453 172.14239964811645

01020000204071000002000000A5AD542F16C6F440F88D280F
F23D1B41A2E3D9B961C6F440CE61F0F4C33D1B41

None 1 12 12 46 362 6.210597319166775 184.5975357903499

01020000204071000002000000A2E3D9B961C6F440CE61F0F
4C33D1B4100F8C26487C6F4400010E9F7AC3D1B41

None 1 13 13 398 1000 1.152473290549216 190.80813310951666

0102000020407100000200000000F8C26487C6F4400010E9F7

AC3D1B412DAC68A88EC6F4403E5636BBA83D1B41

None 1 14 14 339 280 4.1509460479223605 191.96060640006587

010200002040710000020000002DAC68A88EC6F4403E5636

BBA83D1B41B4356FD2A8C6F4405B776078993D1B41

None 1 15 15 340 281 15.163708280669722 196.11155244798823

01020000204071000002000000B4356FD2A8C6F4405B776

078993D1B410042CF6608C7F44080226CB8613D1B41

None 1 16 16 341 1131 2.9708326457109977 211.27526072865794

010200002040710000020000000042CF6608C7F44080226CB
8613D1B41B9DA181D1BC7F4406209EDCB563D1B41

None 1 17 17 498 1419 1.6557047635222704 214.24609337436894

01020000204071000002000000009A081B35C7F44040F38E1

3583D1B41B9DA181D1BC7F4406209EDCB563D1B41

None 1 18 18 823 1230 65.04225868638667 215.9017981378912

01020000204071000002000000009A081B35C7F44040F38E13

583D1B4133285D0FC7C8F4402FD4E818683C1B41

None 1 19 19 678 654 1.3976908906136516 280.9440568242779

0102000020407100000200000033285D0FC7C8F4402FD4E8

18683C1B4100EA95B2CFC8F440000EBEF0623C1B41

None 1 20 20 676 653 12.925083249050816 282.34174771489154

0102000020407100000200000000EA95B2CFC8F440000EBE
F0623C1B41008AB0E112C9F44080CC5D0B323C1B41

None 1 21 21 677 700 20.429629588716164 295.26683096394237

01020000204071000002000000008AB0E112C9F44080CC5

D0B323C1B41F3975A4A98C9F440B58A1A71E73B1B41

None 1 22 22 735 1465 1.7067720664359822 315.69646055265855

01020000204071000002000000F3975A4A98C9F440B58A1A
71E73B1B41008104C57EC9F44080A52C03E53B1B41

None 1 23 23 880 824 15.430298636132958 317.4032326190945

010200002040710000020000000036CD3B21C9F44080F7E42

11E3C1B41008104C57EC9F44080A52C03E53B1B41

None 1 24 24 542 554 3.7690604911801375 332.83353125522746

01020000204071000002000000008E06F0F9C8F44080A9829

1293C1B410036CD3B21C9F44080F7E4211E3C1B41

None 1 25 25 541 1277 10.09801312344755 336.6025917464076

0102000020407100000200000000D712F2B8C8F44040F1638C
4E3C1B41008E06F0F9C8F44080A98291293C1B41

None 1 26 26 392 1372 0.4054910749318553 346.70060486985517

0102000020407100000200000000D712F2B8C8F44040F1638C
4E3C1B41912683F8B2C8F4401E7A90EA4D3C1B41

None 1 27 27 352 300 4.962866430633872 347.106095944787

0102000020407100000200000026F2FF7497C8F440B885B8896

03C1B41912683F8B2C8F4401E7A90EA4D3C1B41

None 6 28 28 282 225 3.4434513085424556 352.0689623754209

0102000020407100000200000025F2FF7497C8F440B885B8896

03C1B4100E10B9360C8F44000492EBF613C1B41

None 6 29 29 283 870 17.61904671754125 355.51241368396336

0102000020407100000200000000E10B9360C8F44000492EBF
613C1B41B820BBEF9CC7F440A0C137012F3C1B41

NL.IMBAG.
Pand.0503100000031391

6 30 30 239 912 3.471252839117845 373.1314604015046

010200002040710000030000000076711B6AC7F440C032C4712

93C1B410010E9B78EC7F440401CEB222D3C1B41B820BBEF
9CC7F440A0C137012F3C1B41
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