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A B S T R A C T
In recent years, there has been a growing necessity for 3D geoinformation in urban plan-ning and infrastructure management to provide a more realistic representation of urbanareas and the built environment. A key concept in public infrastructure management isLife Cycle Asset Management (LCAM), which aims to improve the decision making ineach phase of the life cycle of infrastructure assets, such as road and utility networks,civil structures, and green areas. Traditional systems in LCAM are limited in terms ofanalysis and visualization opportunities due to the use of simpler tools like tables. Inthis respect, Geographic Information System (GIS) solutions have been widely integratedin LCAM to optimise the administration and monitoring of infrastructure assets.
The incursion of semantic 3D models complements the use of GIS by introducing new andinnovative modelling and visualization methods. As one of the most common design tech-niques in the building and construction industry, Building Information Modelling (BIM)facilitates the generation of multidimensional models to describe the physical and func-tional characteristics of built objects. This research studies the integration of 3D BIMmodels in a Web GIS system for public space management to improve the procedurein the maintenance phase of LCAM. The goal is to solve the challenges related to theacquisition, processing, and visualization of 3D models.
The thesis outlines the process of the development of a 3D prototype in an attempt todemonstrate a possible solution for the integration of BIM models in an existing GISapplication. The research starts with a scientific literature review to familiarise withthe LCAM concept, Web GIS, and semantic 3D models. Then, the stakeholders in theproject are identified and their requirements with regard to the functional capabilitiesof the prototype are gathered in order to create a design concept. Consequently, theBIM model used in this study is presented and processed to comply with the Dutchnational standards for inspection and maintenance. The prototype is developed on thebasis of Web Graphics Library (WebGL), a technology for web rendering of interactive3D graphics and animations supported by all modern web browsers. At the end ofthe development process, the prototype is evaluated by experts in the LCAM and BIMfields to assess its usability by means of a questionnaire survey. The input from theparticipants in the survey is essential for the further improvement of the prototype andits release as fully functional product.

vii





A C K N O W L E D G E M E N T S
I would like to express my appreciation to the people who played a major role in thethe completion of this project.
First, I would particularly like to thank Marianne de Vries for her supervision, all thebrainstorming sessions, and great technical support for the prototype development. Shewas always ready to help me when I ran into troubles or had questions regarding theresearch. I would also like to acknowledge Hendrik Ploeger as second supervisor for hisvaluable advice on the theoretical aspects of the thesis. Moreover, I am grateful to Bas-tiaan van Loenen as for his critical and constructive comments on the thesis as co-reader.
I would like to express my sincere gratitude to Hilbert Davelaar for supporting and guid-ing me through my graduation project. A big thanks goes to Henri Veldhuis for alwaysgiving me new ideas how to improve the project and organising meetings with differentspecialists in the field of the research.
Furthermore, special thanks to all my colleagues, particularly Marijn van den Berg, IvanKlop, Marco Sprengelmeijer, Kevin Thyssen, Myron Ramkisoen, and Rony Nedkov, fortheir cooperative support and help during the period of my research.
In addition, I want to thank the experts from the Municipality of Rotterdam who agreedto participate in the project and shared their knowledge and expectations with me: Jande Jong, Joris Goos, Helmer Heijden, and Christian Veldhuis.
Last but not least, I would like to express my deepest appreciation to my family andfriends for their support and continuous encouragement in the two years of my study.

ix





C O N T E N T S
1 introduction 11.1 Problem Statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11.2 Research Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21.3 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 theoretical background 52.1 Life Cycle Asset Management . . . . . . . . . . . . . . . . . . . . . . . . . 52.2 Web GIS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82.3 Semantic 3D Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112.3.1 BIM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112.3.2 CityGML . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142.4 Related work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153 prototype design 213.1 Requirements Specification . . . . . . . . . . . . . . . . . . . . . . . . . . . 213.2 User Interface Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233.3 WebGL Frameworks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263.3.1 Three.js . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273.3.2 iTowns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273.3.3 Cesium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 283.3.4 OSM Buildings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 283.4 Frameworks Comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 294 bim model processing 314.1 BIM Dataset . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 314.2 BIM Decomposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 325 prototype development 375.1 Test Environment Preparation . . . . . . . . . . . . . . . . . . . . . . . . . 375.2 3D Viewer Configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . 405.2.1 Scene Creation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 405.2.2 BIM Model Loading . . . . . . . . . . . . . . . . . . . . . . . . . . . 415.2.3 Base Map Configuration . . . . . . . . . . . . . . . . . . . . . . . . 445.2.4 Object Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 525.2.5 Additional Functionalities . . . . . . . . . . . . . . . . . . . . . . . 556 prototype evaluation 596.1 Usability Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 596.2 Survey Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 606.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 667 conclusions and future work 697.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 697.2 Contribution to Geomatics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 727.3 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72a bim model composition 83b bim model decomposition 85c uml diagram of the database structure 87d html, css and javascript codes 89

xi



xii contents
e pl/sql code 113f questionnaire survey 115g reflection 121



L I S T O F F I G U R E S
Figure 1.1 Process of the prototype development. . . . . . . . . . . . . . . . 3Figure 2.1 Life cycle of infrastructure assets, adapted from Too [2008]. . . . 5Figure 2.2 NEN levels for the infrastructure assets, adapted from Boanca[2014]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6Figure 2.3 Client-server architecture, adapted from Alesheikh et al. [2002]. 8Figure 2.4 OGC standards for web mapping [Baumann and Aiordachioaie,2009]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9Figure 2.5 Multi-tier client-server architecture of OBSURV, adapted fromTepas [2014]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10Figure 2.6 LOD in the BIM technology specified by BIMForum [2016]. . . . 12Figure 2.7 BIM implementation in the building life cycle [Dispenza, 2010]. 12Figure 2.8 LOD in CityGML [Biljecki et al., 2017]. . . . . . . . . . . . . . . . 14Figure 2.9 UML class diagram of the semantic and geometric properties forthe building model [Kolbe, 2009]. . . . . . . . . . . . . . . . . . . 15Figure 2.10 3D city model of Berlin visualised in Cesium by Schilling et al.[2016]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16Figure 2.11 3D city models of Rotterdam created by Prandi et al. [2015] in:(a) NWW applet. (b) Cesium. . . . . . . . . . . . . . . . . . . . . . 16Figure 2.12 Web platform for 3D buffer analysis developed by Chaturvedi[2014]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17Figure 2.13 BIM model of a bridge integrated in OBSURV by Boanca [2014]. 18Figure 2.14 Georeferenced BIM model of a building in The Hague [Diakite,2018]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18Figure 2.15 Georeferenced 3D model of a building by Kolár and Wen [2009]. 19Figure 2.16 Meteorological model with integrated Google Earth platformcreated by Wang et al. [2013]. . . . . . . . . . . . . . . . . . . . . 19Figure 3.1 Mockup of the UI design of the 3D prototype. . . . . . . . . . . . 25Figure 3.2 Software architecture of dynamic web pages and web pages us-ing WebGL technology, adapted from Matsuda and Lea [2013]. . 26Figure 3.3 Customised application for city car driving built on Three.js [Poppe,2017]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27Figure 3.4 Application for extruded WFS buildings on a virtual globe basedon iTowns [iTowns, 2017]. . . . . . . . . . . . . . . . . . . . . . . . 28Figure 3.5 CyberCity 3D buildings visualized in Cesium for usage in plan-ning and analysis, real estate, economic development, and floodrisk mitigation [Cesium, 2018]. . . . . . . . . . . . . . . . . . . . . 28Figure 3.6 3D buildings visualized in OSM Buildings [OSM Buildings, 2018]. 29Figure 4.1 3D model of Koninginnebrug. . . . . . . . . . . . . . . . . . . . . . 31Figure 4.2 Composition of the in the initial 3D model in Autodesk Inventor. 32Figure 4.3 Decomposition of the 3D model according to the NEN 2767-4standards. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33Figure 4.4 Splitting of the abutment part. . . . . . . . . . . . . . . . . . . . . 34Figure 4.5 Decomposed assembly of the bridge abutment. . . . . . . . . . . 34Figure 4.6 Span lock components in the bridge deck composition. . . . . . . 34

xiii



xiv list of figures
Figure 4.7 Pivoting point composition. . . . . . . . . . . . . . . . . . . . . . . 35Figure 4.8 Bridge decomposition: (a) Retaining structure. (b) Substructure.(c) Superstructure. (d) Span locks. . . . . . . . . . . . . . . . . . . 35Figure 5.1 Configuration of interactive report of civil constructions. . . . . . 38Figure 5.2 Home page of the custom module. . . . . . . . . . . . . . . . . . . 38Figure 5.3 Rendering process in Three.js, adapted from Taalman [2015]. . . 40Figure 5.4 Perspective camera model, adapted from Dirksen [2013]. . . . . . 40Figure 5.5 Data retrieval by using AJAX calls in APEX. . . . . . . . . . . . 42Figure 5.6 3D viewer with the integrated BIM model and legend. . . . . . . 44Figure 5.7 Image of the area of interest, obtained as a WMS request. . . . 45Figure 5.8 Cartesian CRSs: (a) Traditional reference system. (b) UCS ref-erence system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46Figure 5.9 Reference points and their coordinates obtained from GoogleEarth. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47Figure 5.10 Schematic representation of the WGS84 and ECEF coordinates[Sanz Subirana et al., 2011a]. . . . . . . . . . . . . . . . . . . . . 48Figure 5.11 Schematic representation of the ECEF and ENU coordinates,adapted from Sanz Subirana et al. [2011a]. . . . . . . . . . . . . 48Figure 5.12 BIM model transformation. . . . . . . . . . . . . . . . . . . . . . . 50Figure 5.13 Transformation of the BIM model in CloudCompare: (a) Transla-tion of the model to fit in the image. (b) Manual rotation of 3Dmodel to align with the base layer. . . . . . . . . . . . . . . . . . 51Figure 5.14 BIM model transformation obtained from CloudCompare. . . . . . 52Figure 5.15 Ray casting method implemented in Three.js, adapted from Dirk-sen [2013]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52Figure 5.16 Object selection and highlight functionality. . . . . . . . . . . . . 54Figure 5.17 Specification of the mouse position in the HTML document andthe window coordinates in the 3D viewer, adapted from Kantor[2018]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54Figure 5.18 Object selection and highlight functionality with fixed mouseposition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55Figure 5.19 Bridge substructure and span locks in combination with the ro-tate and zoom functions. . . . . . . . . . . . . . . . . . . . . . . . . 55Figure 5.20 Change detection functionality in the 3D viewer. . . . . . . . . . 56Figure 5.21 Resized WebGL renderer and 3D model. . . . . . . . . . . . . . . 57Figure 6.1 Steps in the survey research process, adapted from Neuman [2014]. 60Figure 6.2 Pie chart showing the familiarity of the participants with OBSURV. 63Figure 6.3 Bar chart showing the grades of the 3D viewer functionalitiesgiven by the participants. . . . . . . . . . . . . . . . . . . . . . . . 64Figure 6.4 Pie chart showing the most useful functionality of the 3D vieweraccording to the participants. . . . . . . . . . . . . . . . . . . . . . 65



L I S T O F TA B L E S
Table 3.1 Interviewees participated in the graduation project. . . . . . . . . 22Table 3.2 Comparison of the existing WebGL frameworks for 3D web visu-alization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29Table 6.1 Occupation field of the participants in the survey. . . . . . . . . 63Table 6.2 Calculation of the overall score of the functionalities of the 3Dprototype. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

xv





L I S T O F A LG O R I T H M S
Algorithm 1 Configure collapsible page . . . . . . . . . . . . . . . . . . . . . . 39Algorithm 2 Associate 2D objects with their corresponding 3D model . . . . 39Algorithm 3 Configure camera, lights, and animation controls . . . . . . . . . 41Algorithm 4 Load the OBJ files in the scene . . . . . . . . . . . . . . . . . . . 42Algorithm 5 Configure the PL/SQL procedure to retrieve data from Oracle . 43Algorithm 6 Retrieve data from database and add it to the model properties 43Algorithm 7 Assign initial colour to the model elements . . . . . . . . . . . . 44Algorithm 8 Determine bounding box of the ground plane . . . . . . . . . . . 45Algorithm 9 Create ground plane to place base map . . . . . . . . . . . . . . 46Algorithm 10 Convert coordinates with Three.js . . . . . . . . . . . . . . . . . . 49Algorithm 11 Construct transformation matrix and apply it to the 3D model . 50Algorithm 12 Apply transformation matrix generated by CloudCompare to the3D model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51Algorithm 13 Configure object selection and highlight functionality . . . . . . 53Algorithm 14 Configure switcher functionality . . . . . . . . . . . . . . . . . . . 55Algorithm 15 Configure change detection functionality . . . . . . . . . . . . . . 56Algorithm 16 Make WebGL renderer resizable . . . . . . . . . . . . . . . . . . . 57

xvii





A C R O N Y M S
3DCityDB 3D City Database . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
AEC Architecture, Engineering and Construction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
AIA American Institute of Architects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
AJAX Asynchronous JavaScript and XML . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
AM Asset Management . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
APEX Application Express . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
API Application Programming Interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
AR Augmented Reality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
B3DM Batched 3D Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
BIM Building Information Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
CAD Computer Aided Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
CRS Coordinate Reference System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
CSS Cascading Style Sheets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
DBMS database management system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
DTM Digital Terrain Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
ECEF Earth-Centered, Earth-Fixed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
ENU East, North, Up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
GII Geographic Information Infrastructure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
GIS Geographic Information System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
GLSL ES OpenGL Shading Language Embedded Systems . . . . . . . . . . . . . . . . . . . . . . . 26
glTF GL Transmission Format . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
GML Geography Markup Language . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
GPS Global Positioning System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
HTML HyperText Markup Language . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
HTTP HyperText Transfer Protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
IFC Industry Foundation Classes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
IGES Initial Graphics Exchange Specification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
IGN Institut National de l’information Géographique et Forestière . . . . . . . . . . 27
IPT Inventor Part . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
ISO International Organisation for Standardisation . . . . . . . . . . . . . . . . . . . . . . . . . 31
JSON JavaScript Object Notation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
KML Keyhole Markup Language . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
LCAM Life Cycle Asset Management . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
LOD level of detail . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
LOD level of development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

xix



xx list of algorithms
NWW NASA World Wind . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
OGC Open Geospatial Consortium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
OpenGL Open Graphics Library . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
OSM OpenStreetMap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
PDOK Publieke Dienstverlening Op de Kaart . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
PL/SQL Procedural Language/Structured Query Language . . . . . . . . . . . . . . . . . . . . . 10
RDP Remote Desktop Protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
STEP Standard for the Exchange of Product Data . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
STL Standard Tessellation Language . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
SQL Structured Query Language . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
SVG Scalable Vector Graphics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
UCS User Coordinate System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
UI user interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
UX user experience . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
UCD user centered design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
URL Uniform Resource Locator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
VR Virtual Reality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
WCS Web Coverage Service . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
WebGL Web Graphics Library . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
WFS Web Feature Service . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
WGS84 World Geodetic System 1984 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
WMS Web Map Service . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
XML eXtensible Markup Language . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30



1 I N T R O D U C T I O N
This thesis provides a framework for the integration of 3D BIM models in a Web GISsystem for public space management. This topic is relatively new in the Geomatics field,but widely discussed due to its potential to improve the procedures in urban planningand infrastructure management. The key concepts covered in this research are LCAMand its stages, Web GIS systems, and semantic 3D models.
1.1 problem statement
Public infrastructure comprises road and utility networks, civil constructions, green ar-eas, sport fields, and underground pipelines, which are owned by public organisationsand used by the citizens. These assets are characterised by relatively long service lifeand require a regulated approach for their long-term management. In this respect, AssetManagement (AM) includes a range of strategies for keeping a systematic record ofthe individual assets, planning maintenance, and implementing appropriate informationsystems to facilitate the entire management process [Cagle, 2003]. LCAM is one of thestrategies, which represents an integrated approach for improving the decision makingin each phase of the asset life cycle, from planning and design through building, main-tenance and operation, to disposal and recycling [Wolter, 2010].
In the last few years, GIS systems have been extensively used for modelling, analysingand visualizing urban areas and the built environment [Scianna, 2013]. The advances inweb technology open up new opportunities for GIS by providing a variety of services forgeospatial data [Tatarević, 2007]. Web GIS enables easier access, sharing and exchangeof geoinformation through standard web protocols. Therefore, the Web GIS frameworkis utilised in a wide range of fields, such as urban planning, architecture, construction,and infrastructure management [Jeberson Retna Raj and Sasipraba, 2010].
Lately, there has been a growing interest in 3D GIS systems to provide more realisticrepresentation of real-world phenomena and allow for advanced spatial analysis. How-ever, there are many complications in the development of sophisticated 3D solutionsrelated to the complexity of the surface and subsurface geometries [Abdul-Rahman andPilouk, 2008].
Along with the development of 3D GIS, several LCAM phases are moving towards 3Dmodelling of complex structures like the infrastructure assets [Makkonen, 2016]. Seman-tic 3D models improve the data access and create more transparent workflows betweendifferent sectors of public infrastructure management. Due to their high level of detail,the 3D models can be easily interpreted by anyone, which in turns increases the partic-ipation of citizens as asset users. Better cooperation between the stakeholders in AMfacilitates the information sharing between different parties and improves the quality of
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2 introduction
the projects [Altmaier and Kolbe, 2003].
BIM is a well-known design method in the building and construction industry, whichrepresents an information-rich and model-centric process that enables architects, engi-neers, and planners to create multidimensional models of various urban objects. Due toits highly detailed and precise modelling techniques, BIM can increase the clarity ofproject intentions for all stakeholders and ensure data fidelity and continuity across theasset utilisation period [Autodesk, 2012]. Therefore, BIM models are the most suitablesources of information for representing infrastructure assets and improving their life cycle.
This research focuses on the integration of 3D BIM models of civil structures in a WebGIS for public space management in order to improve the decision making in LCAM.OBSURV is a web application developed by Sweco Netherlands and used by multipleDutch municipalities, provinces, and water authorities for a more efficient managementof their assets. Currently, only 2D data visualization is available, which limits the func-tionalities of the GIS system to manage the entire asset life cycle in a more efficient way.
The 3D visualization of bridges is chosen for this project, as bridges are one of themost complex civil constructions and require a highly integrative approach. Obtainingreliable and timely assessments of bridge condition, performance and safety representsa very challenging task for bridge owners and engineers. Thus, it is essential to eval-uate existing bridges in order to enable more cost-effective and efficient maintenancemanagement decisions [Catbas et al., 2013].
1.2 research objective
The goal of this research is to investigate the possibility to integrate 3D BIM models ofcivil structures in a Web GIS for optimising dynamic and complex processes in LCAM.Thereby, the challenges in collecting, processing, storing, and visualizing 3D spatialdata will be presented and potential solutions will be provided. As a result, a 3D proto-type will be developed by using WebGL, a well-known technology for web rendering ofinteractive 2D and 3D graphics and animations without the need of additional plug-ins.The prototype attempts to demonstrate a possible solution for the integration of 3Dmodels in a GIS system for AM. The solution should facilitate a better management andrepresentation of infrastructure assets in the maintenance phase. The project is madein cooperation with the Municipality of Rotterdam due to their strong interest in the 3Dvisualization of infrastructure assets in OBSURV.
The research covers a broad scope including the collection, manipulation, storage andrepresentation of semantically rich 3D spatial data. The main objective is to investigatethe current data visualization in LCAM, collect and process the 3D data, and find themost suitable WebGL technique for the visualization of complex 3D models. The projectaims to answer the following research questions:

1. What is the current state of data visualization in LCAM and how can it be im-proved?Initially, it is necessary to understand the meaning of LCAM and its processes, andinvestigate the current practices of visualizing public infrastructure assets in order
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to determine the potential improvements. Furthermore, it is essential to researchthe added value of semantic 3D models within the LCAM concept.

2. What are the requirements for the development of the 3D prototype?With respect to the integration of 3D models in a Web GIS, it is crucial to deter-mine the stakeholders in the project and gather their requirements for the mainfunctionalities of the 3D prototype.
3. How can 3D BIM models be processed for effective utilisation in condition moni-toring?The BIM models should be processed accordingly in order to be used for thecondition monitoring of assets as part of the maintenance and operation LCAMphase. For that purpose, it is essential to familiarise with the national standards,which specify the normalised composition of the public infrastructure assets.
4. How can 3D BIM models be integrated in a Web GIS?The integration of 3D data is the major component in the research and requiresspecial attention. The 3D prototype should be designed and developed accordingto the requirements given by the stakeholders.

The research follows several steps to achieve the desired goal. First, it is essentialto get acquainted with the LCAM concept, Web GIS, and the semantic 3D models byreviewing the scientific literature. Then, the stakeholders in the project are identifiedand their requirements are gathered in order to create an appropriate design concept ofthe prototype user interface (UI). After that, the prototype is developed by using WebGL.In addition, some implementation issues are presented and strategies to solve them areprovided. At the end, the prototype is evaluated to ensure that the user preferences aremet to a large extent and allow the users to give any improvement suggestions.

Figure 1.1: Process of the prototype development.

1.3 thesis outline
After describing the research objective and research questions, a brief overview of thecontent of the thesis is presented. The document is structured as follows.
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Chapter 2 contains background information about LCAM and its phases, Web GIS alongwith its characteristics and standards, and semantic 3D models. It is important to un-derstand the meaning of the terms used in the research in order to proceed with the3D integration. In addition, the chapter gives an overview of the related work on thedeployment of 3D models in different application areas and the georeferencing of BIMand other models.
Chapter 3 focuses on the design of the 3D prototype taking into account the functionaland non-functional requirements given by the stakeholders in the project. The UI ofthe application is presented in the form of a mockup model, which combines all thedesired elements of the 3D prototype. Based upon this, several WebGL frameworksare described aiming to find the most suitable technique to develop the 3D prototypeaccording to the user preferences.
Chapter 4 presents the sample dataset to get familiar with the provided BIM model andthe design platform used for its modelling. Then, the technique for the decomposition ofthe 3D model is explained as part of the data processing.
Chapter 5 is the main part of the thesis, as it contains the development of the 3D pro-totype. First, the preparation of the test environment is addressed. Consequently, theconfiguration of the 3D viewer in WebGL is presented along with its implementationand some issues related to its operation.
Chapter 6 includes the prototype evaluation done by different stakeholders in the AMand BIM fields in order to judge the application usability and propose any possibleimprovements. Subsequently, the proposed approach for the integration of BIM modelsin Web GIS systems for public space management is critically assessed and discussed.
Chapter 7 concludes the thesis by answering the research questions and providing sug-gestions for expanding the research in the future. The improvement recommendationsare given partly based on the feedback from the prototype evaluation. In addition, thecontribution of the research to the Geomatics field is discussed.
Appendix A illustrates the structure of the initial BIM model and Appendix B the struc-ture of the decomposed BIM model, as specified in Autodesk Inventor, the BIM modellingplatform used in this research.
Appendix C presents a diagram of the tables stored in the OBSURV database and therelations between them.
Appendix D contains the HTML, CSS, and JavaScript codes for the configuration of the3D prototype, and Appendix E the PL/SQL code for the procedure for retrieving datafrom the OBSURV database.
Appendix F includes the questionnaire survey for the evaluation of the developed proto-type. The questionnaire is extracted from Google Forms.
Appendix G encompasses the thesis reflection.



2 T H E O R E T I C A L B A C KG R O U N D
After the main objective of the research has been described, theoretical background onthe studied topic is provided to extend the knowledge and understanding of the phenom-ena. First, the LCAM concept is explained along with the advantages of integrating 3Dmodels in the work procedures. Then, the characteristics of Web GIS systems are de-scribed and the test application for the research, OBSURV, is introduced along with itsservices and architecture. Consequently, the most common types of semantic 3D modelsare presented and related studies on the web visualization of 3D models are reviewed.

2.1 life cycle asset management
LCAM is an integrated approach for optimising the life cycle of infrastructure assets inorder to improve the decision-making and scheduling processes, and enhance the productmanagement and organisational structure in AM [Wolter, 2010]. The framework aimsto determine the overall life cycle cost and value of an asset by collecting informationabout the asset from its planning phase to its demolition [NAMS and IPWEA, 2011]. Too[2008] clusters the core stages in LCAM into asset planning, asset creation, and assetmaintenance and operation. Each life cycle phase includes several different activities(see Figure 2.1).

Figure 2.1: Life cycle of infrastructure assets, adapted from Too [2008].
Asset planning encompasses corporate strategies created by asset managers to deter-mine the operation goals and needs by focusing on capacity management and asset eval-uation. Capacity management is necessary for estimating the ability of infrastructureassets to meet future requirements in order to prevent capacity failure or underutilisa-tion. In the next stage, the assets must be evaluated to improve their life cycle and
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6 theoretical background
maximise their economic, social and environmental benefits [Too, 2008].
Asset creation involves the acquisition, construction and commissioning of new infras-tructure assets. In this life cycle phase, a good project management is crucial for theproject organisation, which includes financing, tendering, procurement of all the associ-ated materials, organisation and obtaining the required human resources. Furthermore,the efficient project management can reduce potential risks related to the planning, con-struction, commissioning and operation of the assets [Too, 2008].
Asset maintenance and operation are key components within the LCAM concept. Themaintenance process aims to improve the operational efficiency and effectiveness of exist-ing infrastructure assets in order to maintain a high service capacity. The maintenancemanagement includes maintenance planning and condition monitoring. Maintenanceplanning is recognised at all levels of the industry due to the increasing demand pres-sure on infrastructure assets. Condition monitoring provides important information aboutthe current condition and capacity of the assets, and is essential for their optimisation[Too, 2008]. NEN 2767-4 are Dutch national standards for determining the condition ofthe public infrastructure in an objective and unambiguous way through visual inspectionsand physical checks of the assets. The norms are created to ensure a proper managementof the assets by providing insight into their current state and maintenance situation, andfacilitating maintenance planning, budgeting, and prioritisation [NEN, 2018b].
NEN 2767-4 enables to determine the condition of various infrastructure assets, suchas roads and rail roads, nature and green areas, sports fields and playgrounds, bridges,tunnels, ports, embankments, sewage systems, cables and pipelines, etc [NEN, 2018a].According to the standards, the assets are represented on three separate levels: objects,object elements, and object components (see Figure 2.2). The condition score specifiedfor each object component ranges from excellent to very bad [Boanca, 2014]. In addi-tion, any possible defects of the components that require reparation are reported in theinspection documents. The NEN standards are implemented by the majority of Dutchmunicipalities and other public institutions. Thus, the infrastructure assets in OBSURVare stored in compliance with the levels specified in the NEN 2767-4 standards.

Figure 2.2: NEN levels for the infrastructure assets, adapted from Boanca [2014].
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In the last two decades, there has been an increasing growth in the GIS developmentdue to the necessity for acquisition, storage, manipulation, and visualization of spatialdata. GIS is primarily used for mapping, but also for performing complex spatial analysisand creating 3D models of the built environment [Scianna, 2013]. The GIS systems con-tain essential information about the location of geographic features and their descriptiveattributes, which can be used for spatial modelling and analysis in order to deliver newinsights [Bodzin and Anastasio, 2006]. Recently, the capabilities of GIS have expandedto complex 3D visualization due to the increasing need for 3D geoinformation in urbanplanning, cadastre, environmental monitoring, landscape planning, and infrastructureand utility management [Zlatanova et al., 2002].
For all these reasons, GIS has significantly improved the operation in LCAM by enablingadvanced data modelling, management, and visualization. Previously, the systems inLCAM used simpler administrative tools like tables, which limited the data analysis andvisualization opportunities. The current systems are designed to produce reports andthematic maps for the needs of the asset managers, and enable them to add and deleteobjects and update their semantic properties. Traditionally, 3D models are incorporatedin the planning and construction LCAM phases for design purposes [Makkonen, 2016].However, the asset maintenance and operation are still based on 2D data and reportsfrom visual inspections. Therefore, 3D data can be integrated in this LCAM stage toensure a better future management of the infrastructure and usage of the informationprovided in the asset design and planning for its maintenance. In this case, the advancesin the 3D GIS systems come into play to ease the integration process.
3D modelling is used to connect the reality with design models, which can be beneficialfor various aspects of LCAM projects focused on capturing of existing physical condi-tions. In that sense, the 3D models enable a more realistic and detailed representationof the built environment and underground space [Autodesk, 2012]. 3D models are verypowerful tools for the visualization of subsurface assets like pipelines and cables, asthey can clearly show the location and direction of the parallel assets, which is difficultto represent in a 2D environment [Mendez et al., 2008].
Due to their ability to represent the real world, 3D models create more transparentand automated work processes between different sectors of public space management[Altmaier and Kolbe, 2003]. Therefore, the 3D data can be easily accessed and analysedby experts and non-experts at different LCAM stages. The cooperation between multi-disciplinary stakeholders leads to better decision making and reduced risk [Fredericqueand Lapierre, 2010].
The possible long-term use and re-use of detailed 3D data helps to avoid repeatedwork and improve the project efficiency. The interoperability and compatibility of the3D models offer more convenient data updating, which assures the sustainability andquality of 3D data resources [Altmaier and Kolbe, 2003].
Despite all the evident advantages of 3D models, their implementation requires signif-icant changes in the existing LCAM systems related to the construction, management,and integration of 3D data. First, more powerful hardware and software are necessaryfor 3D modelling and rendering, as 3D models are heavier than 2D data. In addition,the 3D data need to be stored efficiently to allow for data interoperability and database



8 theoretical background
integration [Makkonen, 2016]. Furthermore, considerable amount of time is needed fortraining the staff to deploy new technologies in their work processes and follow newmethods for the management of their assets [Hixon, 2012].
2.2 web gis
The Geographic Information Infrastructure (GII) is a framework, which facilitates theavailability and access to geoinformation for governmental institutions, private organisa-tions, non-profit sector, academia, and citizens [van Loenen, 2009]. The infrastructuresare composed of multilayered spatial data, database management system (DBMS) andprocessing services to store and retrieve data, and interoperability standards to enablethe integration of the different datasets [van Oosterom et al., 2000].
Due to recent developments in the web technology, traditional GIS has transitioned toWeb GIS, which improves the availability and dissemination of geoinformation to a greatextent. Web GIS has evolved from the delivery of static maps provided in raster formatsto dynamic maps generated directly from spatial databases. In that sense, the webapplications enable interactive data representation allowing the users to view, query,analyse, and freely download georeferenced data [Paiva and Baptista, 2009].
The web distribution of GIS is enabled through a client-server architecture to alloweasier access to the database. The communication between the client and server isestablished by using HyperText Transfer Protocol (HTTP), i.e. the client sends an HTTPrequest to the server and the server returns an HTTP response with the requested datato the client [Mozilla, 2018c]. The server retrieves the spatial data directly from thedatabase on the server side (see Figure 2.3).

Figure 2.3: Client-server architecture, adapted from Alesheikh et al. [2002].
In order to improve spatial data exchange and interoperability, the Open GeospatialConsortium (OGC)1 defines various standards for data models and web services adoptedin the GIS community [Sayar and Pierce, 2005]. The most commonly used OGC webservices for web mapping are the Web Map Service (WMS), Web Feature Service (WFS),and Web Coverage Service (WCS), presented in Figure 2.4.

1 International non-profit organisation, leading the development of open standards.
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Figure 2.4: OGC standards for web mapping [Baumann and Aiordachioaie, 2009].
WMS produces maps of georeferenced data as digital image files suitable for display ona computer screen. The generated maps are rendered in a pictorial format such as JPEG,PNG, or as vector-based graphical elements in Scalable Vector Graphics (SVG) format.The service provides several operations for returning maps with well-defined geographicand dimensional parameters, as well as information about particular features shown ona map, and service-level metadata. The client requests can be submitted directly byusing an Uniform Resource Locator (URL) [de la Beaujardiere, 2006].
WFS provides direct access to geoinformation at the feature and feature property level.It stores and serves the spatial data encoded in Geography Markup Language (GML),which allows the users to query features based on spatial and non-spatial constraints.Furthermore, the service provides transaction operations for creating, updating, or delet-ing feature instances, and a process for locking the features during a transaction [Sayarand Pierce, 2005; Vretanos, 2005].
WCS offers access to multi-dimensional coverage data to support the networked spatialdata exchange. The service provides available data along with their detailed descriptionsand returns data with its original semantics, which can be used for data interpretationand analysis. WCS allows the client to request a coverage comprised of selected rangeproperties at a selected set of spatio-temporal locations [Whiteside and Evans, 2007].
OBSURV is a Web GIS for inventory making, inspection planning, budgeting, and man-aging of public infrastructure assets (see http://www.obsurv.nl). It has a simple anduser-friendly interface designed to serve both technical and non-technical customers.The main users of the application are the asset owners, managers, and executors work-ing in the Dutch public sector.
OBSURV is available on-premise and on hosting and operates on multiple devices, suchas computers, laptops, tablets and smart phones. It offers several modules for publicspace management, such as road infrastructure, sewage systems, green areas, publiclighting, and civil constructions. This allows the users to choose the desired module(s)and use the provided tools for the efficient management of their assets.
The majority of data are represented in a tabular form in order to prevent disruption tothe existing working practices of the administration. In addition, a geographic map isprovided in each module to enable the users to view, add, modify, or delete their datafor keeping the information accurate and up-to-date. The application complies with theOGC standards for web mapping by using GeoServer2 to share and edit geospatial

2 Open source server designed to publish data from various spatial data sources.

http://www.obsurv.nl
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data and working with web services, such as the WMS for providing georeferenced mapimages and the WFS for querying geographical features [Open Source Geospatial Foun-dation, 2017].
OBSURV has a multi-tier architecture, which consists of a database server for datastorage and web server for data transmission on the Internet. The database server isconnected to the web server for providing services to the web browsers (see Figure2.5). In order to develop the 3D prototype, it is necessary to better understand thefunctionality of each component in the software architecture.

Figure 2.5: Multi-tier client-server architecture of OBSURV, adapted from Tepas [2014].
OBSURV utilises several external applications, such as the Publieke DienstverleningOp de Kaart (PDOK)3 viewer, GlobeSpotter4 street view images, and BGT5 layers forenhancing the data visualization. Oracle is highly integrated in the front-end and back-end application development. The Web GIS is designed by using Oracle ApplicationExpress (APEX) due to its ability to create responsive, database-driven applicationswith low level of coding [Oracle, 2018]. OBSURV is deployed on the GlassFish6 server.In order to ensure full operability of the application, the server hosts additional packageslike the APEX Listener for establishing user process connection to the database andJasper Reports Integration package for generating reports and exporting them as PDF,Excel, Word, etc.
Spatial datasets are usually very large and require an efficient method for data storageand management. The database server hosts Oracle Locator, a spatial extension of Ora-cle 11g Standard Edition, where the public assets data are stored (see Figure 2.5). Thespatial database can be manipulated by using Structured Query Language (SQL) andits procedural extension Procedural Language/Structured Query Language (PL/SQL) asthe key programming languages embedded in Oracle. Each application module has awell structured schema with a great variety of tables and combined views to facilitatebetter database management.

3 Dutch central facility, which provides governmental geospatial data.4 Web-based application which provides cloud access to imagery created by CycloMedia.5 Basic registration large-scale topographic map of geographic elements like roads, water, buildings, etc.6 Java open source web server sponsored by Oracle.
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The hosting version of OBSURV runs on a remote desktop, which allows the users toconnect to another computer over a network connection by using the Remote DesktopProtocol (RDP). In fact, the majority of OBSURV users deploy the hosting version ofweb application instead of the on-premise version. The remote desktop server is directlylinked to the database server for retrieving the spatial data (see Figure 2.5).
2.3 semantic 3d models
This section introduces the most common types of semantic 3D models, which are BIMand CityGML, in order to give a better overview of the sources of 3D geoinformationthat are discussed throughout the thesis.
2.3.1 BIM

BIM is a combination of organisational solutions and technologies for improving the qual-ity of the design, construction, and maintenance of buildings and the built environment(see Figure 2.7). The main objective of the BIM process is to increase the productiv-ity and efficiency in the construction industry by eliminating design errors, helping themanagement of processes in construction, and deepening the collaboration between dif-ferent stakeholders [Miettinen and Paavola, 2014]. Therefore, BIM is considered to bethe most promising approach in the Architecture, Engineering and Construction (AEC)industries [Eastman et al., 2011]. In that regard, BIM facilitates the generation, usage,support and maintenance of specific products and services, such as 3D models and datarelated to the life cycle of an asset [Succar et al., 2013].
The BIM technology generates computer-based models, which contain all physical andfunctional characteristics of a built facility through its life cycle. The BIM models canbe created in many dimensions based on the desired level of development. The simplestmodels are in 2D to represent the horizontal X and vertical Y dimensions. These areusually extended to 3D design models, which include the depth Z as well. In most cases,the BIM models combine 4D for construction duration information and sequence with 5for materials costs [Alexiadi and Potsioy, 2012].
Initially, the level of detail required for each design stage in BIM was not clearlydefined to the construction engineers. In order to add clarity to the building process, theAmerican Institute of Architects (AIA) and BIMForum introduced the level of development(LOD) concept, which specifies the geometry and attached information that should berepresented at the various levels [Yoders, 2013]. BIMForum [2016] distinguishes fivelevels, in which the BIM models become more detailed and informative with increasingLOD:
• LOD 100: The model element is geometrically represented. Additional informationcan be attached to show the existence of a component but not its shape, size, orprecise location.
• LOD 200: The model element is graphically represented as a generic systemor object and it can be recognised as the components it represents. Additionalinformation can be attached to specify the quantities, size, shape, location, andorientation of the element.
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• LOD 300: The model element is graphically represented as a generic system orobject. Additional information can be attached, but the quantities, size, shape,location, and orientation of the element can be measured directly from the model.
• LOD 350: The model element is graphically represented as a generic system orobject and parts necessary for coordinating it with nearby elements are modelled.Additional information can be attached, but the quantities, size, shape, location,and orientation of the element can be measured directly from the model.
• LOD 400: The model element is graphically represented at sufficient detail andaccuracy for fabrication of the represented component. Additional information canbe attached, but the quantities, size, shape, location, and orientation of the elementcan be measured directly from the model.

Figure 2.6: LOD in the BIM technology specified by BIMForum [2016].
The BIM models are designed by using object-based parametric modelling, which is themajor difference to traditional Computer Aided Design (CAD) systems. The approachuses predefined parameters and rules to represent the geometric and semantic propertiesof a built facility. In that sense, BIM allows for the automatic adjustment of the objectgeometry to any changes made by the user, whereas CAD requires a manual editing ofeach geometry aspect [Eastman et al., 2011].

Figure 2.7: BIM implementation in the building life cycle [Dispenza, 2010].
Figure 2.7 shows the implementation of BIM processes and technologies during allphases of an asset life cycle. BIM models bring considerable benefits to the planning,design, construction and operation of the built assets. The building performance andquality can be increased by the development of a schematic model prior to the gen-eration of a detailed model to validate the correctness of the proposed scheme and
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determine whether it meets the specified requirements. Furthermore, BIM provides en-hanced visualization of complex geometries by implementing parametric modelling aswell as efficient data storage, information sharing and exchange [Vanlande et al., 2008;Eastman et al., 2011]. This considerably improves the quality of work and coordinationamong the design and engineering processes [Alexiadi and Potsioy, 2012]. For the con-struction logistics, the detailed BIM models can be linked to existing construction plansfor simulating the construction process and identifying any potential problems relatedto it. The information contained in the models can be used for monitoring the conditionof the built facility after its construction and controlling its operation and maintenance[Eastman et al., 2011]. In that sense, BIM enables a better estimation of future needsin the construction industry and contributes to an extended asset life [Makkonen, 2016].
Despite the benefits that BIM modelling brings to the AEC industry, the BIM adoptionis relatively slow due to technical and managerial obstacles. The technical complexitiesare related to the data interoperability and computability, and integration of informa-tion among the BIM model components. These problems can be overcome by usingwell-defined construction process models and developing practical strategies [Alexiadiand Potsioy, 2012]. Although BIM offers new methods for collaboration, it can alsocause organisational issues concerning its implementation. The biggest problem in theBIM development is the use of different modelling tools within a team and the necessityto migrate from one environment to another. This is a time-consuming and error-proneprocess, which can be reduced by using standards for data exchange [Eastman et al.,2011].
There is a wide range of commercial and open-source BIM software suitable for the plan-ning, design and construction of built facilities [Makkonen, 2016]. The BIM platformssupport diverse file formats, such as Industry Foundation Classes (IFC), Standard forthe Exchange of Product Data (STEP), Initial Graphics Exchange Specification (IGES),Standard Tessellation Language (STL), Wavefront OBJ as well as design and drawingformats like DNG, DWG, DWF, and DXF. The leading BIM technology providers areAutodesk, Bentley, and Tekla.
Autodesk is the best-known software provider for 3D design and engineering. The mostcommon products are Autodesk Revit for conceptual design, Autodesk Civil 3D for civilengineering and construction documentation, Autodesk Inventor for mechanical design,and Autodesk Maya for 3D animation, modelling and simulation [Autodesk, 2018]. TheBIM software used in this project is Autodesk Inventor (see Section 4.1).
Bentley offers a variety of products for architecture, engineering, and construction. Itsintegrated systems include Bentley Architecture for architectural modelling, BentleyStructural for structural design, Bentley Building Mechanical Systems for mechanicalengineering, Bentley Facilities for facility management, and Bentley PowerCivil for siteplanning [Eastman et al., 2011].
Tekla focuses on the development of BIM software for structural design and engineering.Its main products are Tekla Structures for structure modelling, Tekla BIMsight for con-struction project collaboration, and Tekla Civil for managing infrastructure data [Tekla,2018].
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2.3.2 CityGML

Currently, the use of virtual 3D city has gained significance in many application fieldslike urban planning, disaster management, facility management and environmental simu-lations. The complexity of these real-world use cases requires the spatial and geometricrepresentation of the 3D objects as well as their thematic properties and logical relation-ships [Kolbe, 2009]. In this light, CityGML is very efficient for creating 3D city models,as it combines the graphical and semantic information about urban objects [Mao, 2011].The virtual 3D city models of Berlin, Potsdam, Rotterdam, and Helsinki are among themost popular models created with CityGML data [CityGML Database, 2018].
CityGML is an OGC standard for the storage and exchange of 3D geoinformation. Itis based on GML3, which inherits the GML geometries defined as points, curves, sur-faces, solids, and composition objects [Zlatanova et al., 2012]. CityGML is functionallypartitioned into modules to allow for partial CityGML implementations. The CityGMLcore, generics, and appearance define structures that are applicable to a variety ofurban objects, such as buildings, bridges, tunnels, traffic infrastructure, water bodies,vegetation, and city furniture [Kolbe, 2009]. The standard defines the relations for theaforementioned objects with respect to their geometrical, topological, semantic, and tex-tural properties [Gröger et al., 2012].
CityGML uses a multi-scale level of detail (LOD) concept with increasing accuracyand structural complexity to facilitate efficient spatial data analysis and visualizationby enabling independent data collection process dependent on the model requirements[Gröger et al., 2012]. The concept differs substantially from the LOD concept specifiedfor the BIM technology. Kolbe [2009] defines the following five consecutive levels:
• LOD0: A Digital Terrain Model (DTM) is represented in 2.5D.
• LOD1: A blocks model is represented without including any roof structures.
• LOD2: A building with distinctive roof structures and larger building installationsis represented.
• LOD3: Architectural model with detailed wall and roof structures, doors andwindows is represented.
• LOD4: Architectural model is represented, including interior structures, such asrooms, stairs, and furniture.

Figure 2.8: LOD in CityGML [Biljecki et al., 2017].
These levels aim to represent the accuracy of the objects, i.e. LOD0 has the lowestresolution (meters) and LOD4 has the highest resolution (millimetres). This makes thedifference between CityGML and the traditional computer graphics techniques, whichare intended for fast data visualization [Zlatanova et al., 2012].
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The coherent semantic-geometric modelling is fundamental in the CityGML design, asthe semantic information can reduce the ambiguities for geometric integration, if it isstructured with respect to geometry. The semantic model consists of class definitions forthe urban objects, associated with attributes, relations and aggregation hierarchies. Thegeometric properties determine the geographic location and extent of the features. TheGML geometries can be combined for each dimension to form aggregate or compositegeometries (see Figure 2.9). In CityGML, the topology of the features can be representedexplicitly by modelling each part once and referencing by all features, which include thesame geometry [Stadler and Kolbe, 2007].

Figure 2.9: UML class diagram of the semantic and geometric properties for the building model[Kolbe, 2009].
In addition to the spatial properties and semantic information, CityGML defines appear-ance for the features, which represents themes like infrared radiation, noise pollution,or earthquake-induced structural stress for a more realistic representation. The appear-ance is composed of data for each surface geometry object. In that case, the geometryobjects can have surface data for multiple themes and surface data can be shared bymultiple geometry objects [Gröger et al., 2012].
CityGML exists as GML file as well as spatial schema for relational DBMSs. Therefore,the CityGML models can be imported to 3D City Database (3DCityDB), an open sourcespatial database containing a set of tools for the efficient storage and management oflarge 3D city models. The database schema can be implemented on Oracle Spatial andPostGIS by using the geometry data types specified for each DBMS. Furthermore, thedatabase allows to export the geometric properties of the city models in different formatssuitable for visualization, such as COLLADA [Prandi et al., 2015; Zlatanova et al., 2012].
2.4 related work
In recent years, the integration of 3D models in Web GIS has been extensively re-searched in diverse fields. The majority of studies focus on the creation of 3D city
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models by using CityGML data and their visualization in WebGL. The solutions pre-sented below provide an overview of several approaches for the web visualization ofCityGML models in Cesium, a WebGL framework for representing dynamic spatial datathat supports various 2D and 3D geometries [Chaturvedi, 2014].
Schilling et al. [2016] presented a method for the real-time streaming of large andhighly detailed CityGML models based on open standards. The researchers used GLTransmission Format (glTF) for encoding the 3D models and 3D Tiles for associatingthe glTF objects with their attributes and streaming the 3D data. The Batched 3DModel (B3DM) is implemented within the 3D Tiles concept for transferring multiple 3Dmodels in a single request and rendering them efficiently in WebGL by using batches[Cozzi et al., 2018]. Various 3D models of buildings and urban objects were visualizedin Cesium to improve the data exchange and interoperability (see Figure 2.10).

Figure 2.10: 3D city model of Berlin visualised in Cesium by Schilling et al. [2016].
A similar research was conducted by Prandi et al. [2015] who developed an approachfor accessing large CityGML data through web services by separating the geometricand semantic parts of the 3D models. The researchers used NASA World Wind (NWW)and Cesium for the visualization of the geometries. Both web technologies are opensource virtual globes and allow for an efficient representation of 3D city models. NWWutilises a Java applet with an optimised custom-rendering engine for 3D buildings (seeFigure 4.8a). The CityGML data are loaded in a custom servlet and transformed into theC3D file format, readable in NWW. The other option is to integrate CityGML modelsin Cesium by using C3D and glTF, which was considered by the authors as a morepromising solution (see Figure 4.8b). The semantic information about the 3D modelscan be retrieved from the 3DCityDB database by using the WFS service.

(a) (b)

Figure 2.11: 3D city models of Rotterdam created by Prandi et al. [2015] in: (a) NWW applet.(b) Cesium.
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Chaturvedi [2014] developed a web-based application for visualizing virtual 3D citymodels and performing 3D buffer analysis by using WebGL. In his research, the authorbuilt a decision support system for emergency situations that can be utilised by decisionmakers and field workers for evacuation planning. The CityGML data were exported toKeyhole Markup Language (KML) format, which is readable for any JavaScript libraries.The virtual globe in Cesium was used for rendering the 3D models. Several algorithmswere computed to generate 3D buffer zones around the affected buildings on-the-fly anddetermine which urban objects are located within these buffer zones (see Figure 2.12).

Figure 2.12: Web platform for 3D buffer analysis developed by Chaturvedi [2014].
The presented studies focus mainly on the creation and web-based visualization of 3Dmodels of buildings. However, there has been very limited research on the use of seman-tic 3D models of infrastructure assets in GIS, which can be integrated in public spacemanagement systems for optimising the decision-making processes.
Makkonen [2016] conducted a research on the current practices for creating and main-taining semantic 3D models and the benefits of 3D geoinformation in AM. The authorpresented general requirements for an information system, which assures the efficientmanagement of infrastructure assets, including reports generation, editable semantic andgeometric properties of the objects, and ability to view and edit objects. Consequently,several commercial and open source software systems for semantic 3D modelling, whichcomply with the aforementioned requirements were reviewed. In addition, multiple ex-perts in the AM field were interviewed to identify the practical benefits and challengesof semantic 3D implementation in public space management, and possible steps to over-come the challenges. The conclusion is that appropriate software solutions with properdata visualization are missing, although the need for integrating 3D models is increasing.
Boanca [2014] investigated the possibilities for integrating BIM models in OBSURV fora better public space management. In her thesis, she presented an approach for thesimplification of a detailed BIM model through geometric transformation and semanticmapping in order to provide the required information for the maintenance phase. Thesimplified model is stored in the Autodesk 360 cloud and linked to the web environmentvia URL link to make the model accessible on any device (computer, tablet, mobile phone).The author provided a comprehensive insight into the generalisation of BIM models andpresented an approach for the BIM-GIS integration. However, the functionalities of thecreated solution are limited only to visualization without allowing the users to see andedit the information about distinct elements in the model.
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Figure 2.13: BIM model of a bridge integrated in OBSURV by Boanca [2014].
The integration of a base map and georeferencing of BIM models poses a major challengein the BIM-GIS integration. Thus, several methods for defining the geolocation of diverse3D models are reviewed to find an appropriate approach. Diakite [2018] researched theintegration of geographic coordinates of a construction project in its BIM model in orderto keep the information for a GIS application. The approach is based on 3D model ofa building designed in Autodesk Revit and exported in the IFC format, which allowsfor georeferencing easier than other BIM standards. The geolocation of the BIM modelcan be determined by using the georeferencing tools in Revit (v2018). The real-worldcoordinates of building’s address were defined in the provided mapping service to findthe exact location of the asset on the map. Then, a project base point and a surveypoint represented in the floor plan of the building were used to rotate and positionthe 3D model correctly. The presented approach shows that the geolocation of someBIM models can be obtained in Revit, but the majority of BIM modelling platforms donot provide georeferencing tools. Furthermore, the proposed methodology cannot beapplied to other BIM formats, as they do not have the same properties as IFC andrequire additional processing in order to be georeferenced.

Figure 2.14: Georeferenced BIM model of a building in The Hague [Diakite, 2018].
Another research on the georeferencing of 3D models was conducted by Kolár and Wen[2009]. The authors presented a method for mapping and encapsulation of 3D objects toa geocentric coordinate system by associating any 3D model with a set of referencingparameters to find its location on the Earth. For that purpose, the geometries in the3D model were normalised in a reference system with origin at the center of the modeland a set of reference points on the map and in the model was chosen to aid thegeoreferencing procedure. The horizontal orientation of the points was specified todetermine the angle between the south direction and the X axis of the model. Then,



2.4 related work 19
the rotation and translation were applied to the normalised model to position it incorrespondence with the geographic coordinates of one of the reference points. Theproposed solution speeds the process of visualizing 3D models on the Earth surface bythe automatic detection and transformation of vertices in the model.

Figure 2.15: Georeferenced 3D model of a building by Kolár and Wen [2009].
Wang et al. [2013] developed a microscale meteorological model and integrated theGoogle Maps / Earth frameworks to improve the system functionality and usability.Additionally, the authors used high-resolution images, street views, and 3D buildingsprovided in the Google platforms to generate small-scale vegetation and building mor-phology data. The web mapping platforms use the Geodetic Coordinate Reference Sys-tem (CRS) to represent locations on the Earth. In order to incorporate Google Maps/ Earth in the meteorological model, it is necessary to convert the coordinates to aCartesian CRS meant for analysis and visualization. However, the coordinate conver-sion results in a new CRS with an origin at the center of the Earth, which is notdesirable for small-sized models, such as the meteorological model. Thus, a local ref-erence system with an origin at the centroid of the model was constructed to reducethe distortion related to the curvature of the Earth’s surface. The coordinate conversionand datum transformations are done by using well-known mathematical equations (seeSection 5.2.3).

Figure 2.16: Meteorological model with integrated Google Earth platform created by Wang et al.[2013].





3 P R OTOT Y P E D E S I G N
In the previous chapter the theoretical background was presented to get acquainted withLCAM, Web GIS, and semantic 3D models. This chapter focuses on the prototype designfollowing the user centered design (UCD) approach, a multidisciplinary activity that in-corporates users in the interface design to improve the quality of the end product [Voldan,2012]. First, the stakeholders in the project are determined and their requirements arecollected and analysed. Afterwards, a UI design concept is created according to theserequirements. Subsequently, several WebGL frameworks are reviewed and compared tofind the most suitable technology for the integration of 3D models in existing GIS webapplications.
3.1 requirements specification
The UI design usually starts with a specification of requirements that come from thestakeholders to define the product or prototype objective and find a suitable approachfor its design and development [Voldan, 2012]. The requirements describe the servicesthat a system provides and the constraints on its operation [Sommerville, 2010].
The requirements can be gathered in different ways, such as direct observations byconducting on-site interviews, using surveys to collect information from many users, orfocusing on existing case studies [Tidwell, 2010]. The integration of semantic 3D mod-els in GIS systems for public space management is still a work in progress. Therefore,no standardised requirements for the development of a prototype, which visualizes 3Dmodels of infrastructure assets, could be found in the scientific literature. The directobservations are considered as the best approach in the user research, as they provideprecise information about the user goals and expectations [Voldan, 2012]. Therefore, therequirements for the development of the 3D prototype are specified based on interviewswith potential users of the system.
The target group for the 3D prototype are AM experts, which coordinate the maintenanceand operation of public infrastructure assets, such as asset managers in the municipali-ties and advisers and inspectors in consultancy companies like Sweco. Therefore, theiropinions should be taken into account when specifying the requirements for the devel-opment of the 3D prototype.
Several interviews were conducted with different experts in the Municipality of Rotter-dam, which are familiar with OBSURV, to better understand what can be expected fromthe 3D prototype and get more broad ideas about its implementation. In addition, spe-cialists in Sweco were asked for their ideas and requirements related to the design andfunctional capabilities of the 3D prototype. The names and roles of the interviewees inthis project are listed in Table 3.1 below.
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Table 3.1: Interviewees participated in the graduation project.

Municipality of Rotterdam Sweco Netherlands

Jan de Jong Hilbert DavelaarProject Leader OBSURV Product Manager OBSURV
Joris Goos Henri VeldhuisManager Digital Management & Building Manager Business DevelopmentHelmer Heijden Marijn van den BergAsset Manager Asset Management Adviser

Following the interviews with the municipality representatives, the results showed avariation of opinion and an overall lack of consensus with regard to the source of 3Dgeoinformation. Two out of three interviewees were in favour of CityGML data for thevisualization of public assets, while one recommended the use of BIM models. Onthe other hand, the representatives from Sweco were unanimous in their preferencesconsidering the same subject. They all agreed on the integration of BIM models inOBSURV due to their high level of detail and accuracy as well as the ability to managethe entire asset life cycle. CityGML is suitable for the visualization of multiple objectsin a larger scale to give a better overview of the 3D environment, but the manipulationof the distinct objects is not so straightforward. Therefore, it is not certain whether aCityGML model of a bridge can be decomposed according to the NEN 2767-4 standards.
Due to the disparities in the view points of all stakeholders in this project, the develop-ment of the 3D prototype is in accordance with the requirements specified by Sweco andBIM models are chosen as data source. In order to ease the process of development andreduce potential risks in the project, the requirements should be prioritised accordingto their importance for the stakeholders. The requirements can be ranked on an ordinalscale from 1 being the most important to n being the least important requirement, with nbeing the total number of requirements [Business Analyst Learning, 2018]. The orderedlist of requirements is presented below:

1. Data collection, processing, and visualizationBIM models of civil structures must be acquired and processed in order to complywith the NEN 2767-4 standards for inspection and maintenance. The Municipalityof Rotterdam is responsible for providing a 3D BIM model of a bridge that can beused for the integration.
The processed 3D model must be visualized in a separate 3D web viewer integratedin OBSURV to make it easier for the users to distinguish between the 2D and3D visualization. Overlaying the 3D data over the map is also avoided due toperformance issues related to the large data volume. The BIM model must belinked to its corresponding 2D object stored in the database. Moreover, it isimportant to enable a subsurface view to represent the bridge elements, which arelocated below the ground level.
Different colours must be assigned to the distinct bridge elements based on theinspection data to show their current condition. In addition, a legend must be
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added in the 3D viewer to illustrate the meaning of the colours specified in theNEN 2767-4 inspections for a better understanding of the condition scores.
The bridge elements must be selectable and additional information about themmust be shown in the 3D viewer. Furthermore, editable fields must be added tothe UI to allow the user to update the information related to the asset materials,measurements, placement date, and documents.

2. Base map and animationIn addition, a base map must be incorporated in the 3D viewer to better visualizethe surrounding environment of the bridge. In order to add a base layer to the 3Dviewer, it is necessary to georeference the BIM model due to the lack of geolocationin the majority of BIM models. Thus, a suitable approach for georeferencing BIMmodels must be found.
The rotate, zoom and pan capabilities must be implemented for a better navigationof the view port and an enhanced visualization of the 3D model. An explodefunction can be added to the 3D viewer to separate the model into pieces andimprove the visibility of the distinct parts.

3. Additional functionalitiesA switcher can be incorporated in the 3D viewer to allow the users to control thevisibility of the bridge elements. This functionality is useful, as it enhances the3D model preview and makes the viewer more user-friendly.
In order to keep track of any changes in the condition of the bridge elements, itis desirable to include previous inspections and show the results in the 3D viewerby adjusting the colours of the BIM model.

As a result, a complete 3D prototype must be developed and the solution must bescalable to handle a greater amount of 3D data in the future. In order to achieve allthe prerequisites, it is important to find a suitable technology for web rendering ofinteractive 3D models must be found, preferably open source, lightweight, and fast forsmooth integration in existing web applications. WebGL is a good candidate for thedevelopment of the 3D prototype due to its compatibility with all modern web browsers.Furthermore, WebGL allows for customisation, which is important for the fulfilment ofthe aforementioned requirements.
The 3D prototype must be tested by several users or experts in the AM and BIM fieldto verify its operability, identify any errors made during the development phase, anddetermine whether it meets the predefined requirements.
3.2 user interface design
UI design is a process of designing interfaces for computer and software applicationswith special focus on the layout and style. The design techniques aim to build user-friendly and easy-to-use interfaces, as users tend to assess the UIs based on usabilityand likeability. As the UI design plays a major role in the user experience (UX), aprofound understanding of the user preferences is required to design satisfactory UIs
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[Interaction Design Foundation, 2018].
The development of Virtual Reality (VR) systems in the last few years made the designof interfaces has made more complex. 3D UIs can be described as interfaces that involve3D interaction, in which the users perform tasks directly in a virtual 3D environment.The 3D user interaction does not necessarily require 3D input devices like 3D mice toenable the communication between the user and the computer. The 3D interfaces canalso be integrated in 2D applications [LaViola et al., 2017], as is the case with the 3Dprototype. Nevertheless, the majority of studies on 3D UI design focus on the designof VR applications, which differs from the objective of this research.
The 3D interfaces can be very expressive to support more complex tasks, but they needto be designed in a simple manner to ensure user friendliness and full usability of eachelement of the interface [Soegaard and Dam, 2013]. Therefore, the prototype UI is keptsimple in order to ease the navigation around the 3D viewer and increase the usabilityamong both technical and non-technical users.
The graphical design of the 3D prototype is represented in the form of a mockup createdwith Moqups1 (see Figure 3.1). Mockups reflect the design choices for the layoutsof products and provide a more realistic perspective of the desired end result. Whencreating a mockup, it is important to consider the display of the content in terms ofsize and shape, and the visuals of navigation, such as a collapsible or drop down menu,forms, text fields, etc. Furthermore, the use of different colours and the colour contrastshould be taken into account in the mockup design [Cao, 2016].
In OBSURV, the public infrastructure assets are represented in a tabular form and acollapsible page can be opened when the user selects an item in the table to displayadditional information about the object. The 3D viewer is integrated in this page sothat the 3D model can be visible in a separate window (see Figure 3.1). The design offorward and backward navigation is essential for web applications and gives the usersmore freedom in their interaction with the system [Tidwell, 2010]. Thus, a close buttonshould be incorporated in the collapsible page so that the user can leave the viewerand easily return back to the full view of the application.
For more efficient UI design, it is necessary to predict the first thing that the user expectsto see in the application [Tidwell, 2010]. In this case, the 3D model should appear rightafter opening the collapsible page, as this is the central feature of the prototype. Abase map should be integrated in the viewer to illustrate the surrounding area of thebridge either in 2D or 3D. A 2D base map can be added by using web mapping toolslike Leaflet2, Mapbox3, and CartoDB4. Another option for the integration of a base mapis to attach a plane to the BIM model and add an image of the surrounding area astexture of the plane. For the 3D visualization of the built environment around the bridge,it is necessary to incorporate an existing web viewer that renders the 3D objects in thedefined area and gives a more realistic overview.

1 Web application for creating real-time wireframes, mockups, diagrams, and prototypes.2 Open source JavaScript library for interactive web and mobile maps.3 Open source JavaScript library for rendering web maps by using WebGL.4 API for creating map tiles and designing web maps.
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Figure 3.1: Mockup of the UI design of the 3D prototype.
In order to enable easier navigation and more user-friendly interface, the 3D viewershould be structured in several parts. When an element in the model is selected, a newtab should appear in the upper right corner to show additional information about theselected object, such as civil structure type, object name, inspection date, inspector, andnotes. The information can be provided in the form of input fields, which are populatedwith data retrieved from the database. The fields should be editable so that the usercan modify and update the information. In addition, a time slider can be incorporatedin the information tab to give the user a better overview of the condition of the selectedelement in the past (see Figure 3.1).
A collapsible menu that contains a legend, switcher, and historical data can be added tothe upper left corner of the 3D viewer. The legend aims to explain the inspection scoresspecified in the NEN 2767-4 standards and illustrate the colours assigned to them. Aswitcher can be represented in the form of check boxes so that the user can choosewhich elements in the 3D model should be shown in the viewer for further investigation.The historical data included in the menu should show previous results from the NENinspections, i.e. the distinct elements in the BIM model should dynamically changetheir colours according to the inspection scores when the user selects a year. The yearsshould be represented as radio buttons so that the user can choose only one item at a
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time (see Figure 3.1).
Due to the large size of the BIM models, longer load times are expected. The longwaiting period for the 3D model to load can be disturbing for the user, and thus, it isessential to add a progress bar on the bottom of the viewer (see Figure 3.1). The barcan inform the user how many of all files stored on the server are loaded.
The created UI design mockup was presented to the stakeholders from Sweco for evalu-ation. After the design concept has been accepted, the WebGL frameworks are reviewedto find a suitable technique for creating the prototype and proceeding with the develop-ment.
3.3 webgl frameworks
The 3D graphics applications are usually developed by using high level programminglanguages like C or C++ and then compiled into an executable binary for a specificplatform. This could entail complications in the usability of the applications on differentoperation systems and sharing the graphics due to the required plugins [Matsudaand Lea, 2013]. Recently, modern browsers are improving their rendering features byenabling the creation of interactive components through the use of the canvas presentedin HyperText Markup Language (HTML) and interactive functionalities of JavaScript[Dirksen, 2013]. This allows the users to use the applications without installing anyplug-ins in the web browser.
WebGL is a technology for drawing, displaying, and interacting with complex 3Dgraphics and animations by using HTML and JavaScript. It is a traditional built-infunctionality supported by all modern web browsers since 2013 and does not requirethe installation of additional plug-ins and libraries. It enables the creation of enhancedonline applications including 3D GIS solutions and virtual globes [Schilling et al., 2016;Matsuda and Lea, 2013].
The framework is developed based on Open Graphics Library (OpenGL), an open stan-dard widely used in computer graphics and video games [Matsuda and Lea, 2013].WebGL is compiled by the combination of JavaScript and OpenGL Shading LanguageEmbedded Systems (GLSL ES), a shader program consisting of a vertex shader and afragment shader [Eck, 2018]. This is the main difference between traditional dynamicHTML pages and HTML page with a WebGL content (see Figure 3.2).

Figure 3.2: Software architecture of dynamic web pages and web pages using WebGL technology,adapted from Matsuda and Lea [2013].
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There are various WebGL-based frameworks for the visualization of distinct 3D modelsand animations. Some of them are presented below to give a better overview of theexisting web platforms, which are taken into account for the development of the 3Dviewer.
3.3.1 Three.js

Three.js is an object-oriented JavaScript library for 3D graphics and animations, de-veloped by Ricardo Cabello with contributions from other programmers. It provides ahigher-level Application Programming Interface (API) for rendering 3D components builton top of WebGL, which makes the programming relatively easier than the traditionalWebGL programming [Eck, 2018]. The library enables creating 2D sprite-based graph-ics and complex 3D geometries, animating and moving objects through a 3D scene, andapplying various textures and materials to the objects. Moreover, Three.js supports avariety of file formats to load diverse BIM models, such as, JavaScript Object Nota-tion (JSON), glTF, Wavefront OBJ, and COLLADA [Dirksen, 2013]. The WebGL librarycan be used for many purposes, mainly for simulations and game development (seeFigure 3.3).

Figure 3.3: Customised application for city car driving built on Three.js [Poppe, 2017].

3.3.2 iTowns

iTowns is a WebGL framework for 3D geospatial data visualization, which is based onThree.js. It can represent the objects in globe or planar view depending on the purposeof the application [iTowns, 2017]. It was initially created by the Institut National del’information Géographique et Forestière (IGN) to integrate 360-degree panoramic im-ages, street images, 3D textured models, and point cloud data. Due to its ability tohandle various geospatial data, the framework allows for developing advanced interac-tion functions, such as annotation, update plans, precise 3D measurements, simulationtools, virtual tours, and Augmented Reality (AR) applications [IGN, 2015]. However,the performance of iTowns is degrading in case of large-scale mapping, which is ratherdisadvantageous for the users.
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Figure 3.4: Application for extruded WFS buildings on a virtual globe based on iTowns [iTowns,2017].
3.3.3 Cesium

Cesium is an open source application for creating 3D globes and maps. The platformsupports various spatial data sources and implements the major OGC web services likeWMS and WFS, which makes it a viable option for building professional geospatialapplications and creating 3D city models [Schilling et al., 2016]. Similar to Three.js, themost common BIM file formats can be loaded in Cesium, but they need to be converted toglTF supported by Cesium and rendered by using 3D Tiles. Besides the well-performingand precise maps, Cesium provides platform support and a large community to ease thedevelopment of the applications [Cesium, 2018].

Figure 3.5: CyberCity 3D buildings visualized in Cesium for usage in planning and analysis, realestate, economic development, and flood risk mitigation [Cesium, 2018].

3.3.4 OSM Buildings

OSM Buildings is a JavaScript library for the visualization of 2D and 3D OpenStreetMap(OSM) building geometries on interactive maps. It provides great visual effects anda large amount of 3D objects. OSM Buildings is available in two versions: classic2.5D and modern 3D. The classic version is characterised by a great performance andcompatibility with all systems. It utilises Leaflet for the base map. The modern versionis based on WebGL technology and Mapbox is used for the overview map. The webplatform supports the GeoJSON and OBJ file formats [OSM Buildings, 2018].
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Figure 3.6: 3D buildings visualized in OSM Buildings [OSM Buildings, 2018].
3.4 frameworks comparison
WebGL is a very powerful technology for web-based 3D visualization, which can be easilyintegrated in multidisciplinary applications. All the WebGL frameworks presented aboveare open source, editable, and supported by the modern browsers. In order to find themost suitable technology for the 3D prototype development, the platforms are assessedby testing the demos or any customised applications built on top of the given platform.Table 3.2 summarises the results of the frameworks comparison. Nevertheless, it isrelatively difficult to evaluate the sample applications adequately, because their purposeis different than the objective of the 3D prototype. In most of the cases, simple 3D objectsare represented with universal animation functionalities, whereas the visualization ofdetailed BIM models requires more advanced techniques.

Table 3.2: Comparison of the existing WebGL frameworks for 3D web visualization.
Requirements Three.js iTowns Cesium

OSM

BuildingsBIM FormatsSupportDynamic ColourAssignmentSubsurfaceViewObjectSelectionGeoreferenceToolRotate, Zoom,PanLayers Control
LightweightAPIHigh SpeedLoading

On the basis of the above stated platforms comparison, Three.js and iTowns possessthe greatest possibility of being applied for the development of the 3D prototype.Cesium and OSM Buildings are not good candidates due to the lack of subsurface viewand customisation for BIM models. Both WebGL frameworks are used for large-scalemapping rather than representing a single 3D model, which is the case of the desired
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3D viewer. Furthermore, the virtual globes and maps are too heavy to be embedded inexisting web applications like OBSURV and may affect their overall performance.
Three.js is widely used for the visualization of complex 3D models due to its extensiveprocessing tools. Various BIM models can be loaded and customised according tothe user preferences. Moreover, Three.js is a lightweight API and allows for easierintegration into Web GIS systems than 3D globes and maps like Cesium and OSMBuildings. In that sense, Three.js fulfils all user requirements except the georeferencing,which in turns is the strength of iTowns.
As mentioned in Section 3.3.2, iTowns is fully based on Three.js and supports its built-infunctionalities. In addition, it handles 3D geospatial data and provides the geolocationof the 3D objects. This is advantageous for the integration of a base map in the 3Dviewer. However, the web platform does not always perform well when representinga larger area. During the platform evaluation, it could not be estimated whether thedynamic colour assignment of the BIM models will work as desired due to the lack ofexamples in the demos.
Both Three.js and iTowns are collaborative platforms with large communities ofdevelopers, which share their knowledge and expertise for solving different problems inthe implementation. In addition, detailed documentations are provided for guidance inthe development process. Nevertheless, Three.js is a more popular JavaScript librarywith many existing demos in various application fields and a greater support by itscontributors.
To summarise, Three.js is chosen for the development of the 3D viewer. The followingBIM file formats can be loaded in the library for visualization:
• JSON: Common file format for representing JavaScript objects as strings, whichallows for data interoperability due to its ability to store and transfer structureddata [Eck, 2018].
• glTF: Specification for the efficient transmission and loading of 3D scenes andmodels by applications by minimising the size of the 3D objects and run-timeprocessing needed to unpack them [Khronos Group Inc., 2018b].
• Wavefront OBJ: Simple data format that represents the 3D geometries in a humanreadable format by specifying the position of vertices, vertex normals, and faces[Three.js, 2018].
• COLLADA: eXtensible Markup Language (XML)-based schema for 3D contentexchange between applications, which provides comprehensive encoding of visualscenes, including complex geometries, shaders and effects, physics, animations,and kinematics [Khronos Group Inc., 2018a].

In this case, the BIM model used for the 3D prototype development should be eitherprovided in one of the supported formats or converted to one of them during the dataprocessing. The bottleneck of Three.js is the lack of georeferencing tools, which makesthe integration of a base map in the 3D viewer more difficult. Therefore, it is necessaryto find an alternative solution to align the 3D model with the base layer.
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This chapter presents the BIM model provided for integration in an existing GIS appli-cation. For the development of the 3D prototype, it is important to get familiar with themodel, which will be visualized in OBSURV. After explaining the dataset structure, amethod for decomposition of the BIM model according to the NEN 2767-4 standards isdescribed and the results of the decomposition are shown.
4.1 bim dataset
The BIM model of Koninginnebrug1 in Rotterdam is used for the development of the3D prototype (see Figure 4.1). The movable bridge is located over the Koningshavenport and connects the Noordereiland island with the southern part of Rotterdam. Itwas built in 1929 and is declared a national monument of great architectural, cultural-historical and construction-technical value. Koninginnebrug is a double bascule bridgewith associated bridge guard houses and is characterised by solid curved lattice girdersof riveted steel over a middle passage of 50 meters [Erfgoed, 2014].

Figure 4.1: 3D model of Koninginnebrug.
The 3D model was created in Autodesk Inventor, a BIM modelling platform for productand mechanical design, dynamic simulations and rendering [Autodesk, 2018]. The modelwas developed in LOD 300, in which the 3D object is graphically represented andits quantities, size, shape, and orientation are specified and measurable (see Section2.3.1). The BIM model was provided in STEP format, an International Organisationfor Standardisation (ISO) 10303 standard for digital product data representationand exchange. The standard focuses on the visualization of 2D and 3D geometrymodels, geometrically bounded surface geometry models, topologically bounded surfacegeometry models, compound shape geometry models, constructive solid geometry

1 Koninginnebrug = Queen’s Bridge (engl.)
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models, etc [ISO10303-242, 2014].
In Autodesk Inventor, STEP models are handled as assemblies with a specific structure,in which the main assembly can contain several assemblies and subassemblies composedof solid parts. This hierarchical structure is beneficial in particular for data processingand decomposition. As shown in Figure 4.2, the initial BIM model of the bridge wasstructured in four assemblies:
• Abutment: Location where a bridge reaches the ground and joins the road. Theabutment should be placed far enough to ensure a decent side walk below thebridge and prevent from offsets, which can influence the bridge maintenance [Got-temoeller, 2014].
• Approach slab: Concrete transitional roadway between the pavement and thebridge deck, designed to reduce the dynamic effects of the vehicles on the bridge.The approach slabs require particular attention for inspection and maintenancedue to the increasing traffic [Masirin and Zain, 2013].
• Pier: Structural frame consisting of circular or rectangular columns with a capbeam that supports the bridge superstructure. The pier placement is crucial forthe visual representation of the bridge structure and its surrounding topography[Gottemoeller, 2014].
• Bridge deck: Superstructure element, which includes the concrete slab, overhangs,railings, parapets, and provisions for drainage [Gottemoeller, 2014].

Figure 4.2: Composition of the in the initial 3D model in Autodesk Inventor.
Each of these bridge elements contains multiple subassemblies, which are grouped basedon their geographical position. The abutments, approach slabs and piers have identicalstructure, including expansion bearings, pavement beams and construction beams. Thebridge deck is composed of ballast boxes, counter weight and locking installation, whichsupport the bridge opening, as well as driveway and footpath for the cars and pedestrians(see Appendix A).
4.2 bim decomposition
In order to use the 3D prototype for inspection and maintenance of civil constructions,it is necessary to simplify the detailed BIM model and represent the bridge elements as
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specified in the NEN 2767-4 standards. The initial 3D model is relatively generalisedby grouping the assemblies and subassemblies, but the composition does not fullycomply with the NEN 2767-4 standards. Therefore, an appropriate decomposition ofthe given BIM model is required. The generalisation is made in Autodesk Inventor dueto its functionality to simplify BIM models and convert the modified parts to variousCAD formats like Wavefront OBJ, which is required for rendering in WebGL.
The NEN standardisation differentiates between fixed and movable bridges, as the latterinclude a great amount of components and require a more complex design and construc-tion. The movable bridges are composed of several mechanical systems and structuralcomponents, such as a retaining structure, substructure, bascule cellar, superstructure,handrail structure, expansion joints and span lock (see Appendix B). However, the ini-tial BIM model does not include all bridge elements, e.g. the bascule cellar locatedinside the superstructure, the expansion joints attached to each bridge element, andthe handrail structure next to the footpath. Figure 4.3 illustrates the existing elementsconsidered in the desired bridge decomposition:
• Retaining structure: Geosynthetic soil structure used to support the bridge abut-ments and approach roads [Skinner and Rowe, 2004].
• Substructure: Set of components, which support loads from the superstructure andtransfer loads to the ground. This element consists of bearings, support blocks,abutments, piers, foundations and retaining structures [Hida, 2014].
• Superstructure: Structural system used to support the bridge, which includes themain horizontal spanning members like continuous girders, arches, trusses, bridgedeck overhangs, parapets and railings, as well as counter weights [Gottemoeller,2014; Koglin, 2003].
• Span locks: Elements to connect the tip ends of the bascule leaves, which shoulddeflect equally to ensure compatibility of the deck deflections from the opposingspan leaves under traffic loads [Catbas et al., 2013].

Figure 4.3: Decomposition of the 3D model according to the NEN 2767-4 standards.
In the initial BIM model, the retaining walls and the abutment are structured in thesame assembly. For the decomposition, these building parts are separated by using the
Split tool in Autodesk Inventor. The fragmentation is done by drawing a 2D referenceline on the part face to identify where the part should be split into two solid bodies.The line is positioned in the beginning of the wing walls in the 3D model (see Figure4.4).
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Figure 4.4: Splitting of the abutment part.
The edited abutment is stored in two separate assembly files for simultaneous manip-ulation. In the first file, the faces of the abutment part are deleted from the assemblyto obtain the retaining structure and the remaining faces of the wing walls are savedas a simplified part in the Inventor Part (IPT) format. In the other file, the faces of theretaining walls are deleted from the assembly to retrieve the abutment (see Figure 4.5).

Figure 4.5: Decomposed assembly of the bridge abutment.
As the splitting tool divides the entire assembly into two solid bodies, the componentsof the edited abutment part should be combined into a single solid body. However, thisis a time-consuming process, which involves the manual selection of each component.Thus, this element remains divided. For the construction of the bridge substructure, themodified abutment and the existing pier assemblies are combined into a single IPT file.
Similar to the substructure composition, the approach slab and bridge deck assembliesare merged into a simplified part to generate the superstructure. In the provided BIMmodel, the bridge deck contains the gears and bolts, which belong to the span lockelement according to the NEN standards (see Figure 4.6). For that reason, the lockinginstallation components are deleted from the superstructure element and stored in aseparate IPT file.

Figure 4.6: Span lock components in the bridge deck composition.
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Another obstacle in the bridge decomposition is that the pivoting point is attached tothe beams, while it should be a separate bridge element (see Figure 4.7). In thatcase, the pivot should be removed from the superstructure and stored as an individualassembly. This cannot be achieved at that stage of the project, as the component shouldbe created again by drawing a 2D sketch and extruding it for designing its shape. Then,the topological relationships should be determined to obtain the correct location of thesolid body in the 3D model.

Figure 4.7: Pivoting point composition.
As a result of the data processing, the provided BIM model was restructured in fourelements representing the main construction and electromechanical structures of thebridge. The same LOD 300 is preserved for all assemblies, as the decomposition processrequired a rearrangement of the geometries only (see Figure 4.8).

(a) (b)

(c) (d)

Figure 4.8: Bridge decomposition: (a) Retaining structure. (b) Substructure. (c) Superstructure.(d) Span locks.
Each element is stored in simplified parts and directly converted to OBJ as one of thefew formats suitable for rendering in Three.js from all BIM file formats supported byAutodesk Inventor. The OBJ file is extensively used for sharing 3D models becauseof its import and export support from various 3D modelling platforms. The file format
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encodes the surface geometry of 3D objects represented as triangles, quadrilaterals,polygons, or free-form curves. In addition, the color and texture of the 3D model arespecified in an accompanying MTL file [Chakravorty, 2018].
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Having presented the UI design of the prototype and processed the provided BIM modelaccording to the NEN 2767-4 standards, the development of the desired prototype isexplained. At the beginning, the test environment is prepared by creating a custommodule for civil structures in OBSURV and integrating a collapsible page for the 3Dviewer, where the BIM model will be visualized. After that, the viewer is configured inThree.js and the functionalities illustrated in the UI design concept are implemented.
5.1 test environment preparation
The 3D viewer is integrated into a custom module for civil constructions as part ofthe OBSURV application package. The test environment is created in Oracle APEXby taking the example of an existing module for public lighting. APEX is a low codetool for building database-driven web applications on-premise or in the cloud in asingle, extensible platform. Furthermore, APEX manages all important aspects in theapplication development, such as security, session state management, concurrency, datapersistence, responsive design, and more [Oracle, 2018]. The APEX application pagesare handled as HTML pages, i.e. each APEX component can be assigned an HTMLtag in order to add Cascading Style Sheets (CSS) styling and JavaScript interactions.
APEX provides a specific tool to connect Oracle databases and manage the objects. Thetool allows for creating and viewing object properties, entering various SQL commands,storing and running scripts, and loading text and spreadsheet data [Godfrey, 2017].The Oracle database for civil constructions, which contains the test data of Rotterdam,is imported in the custom module. The database includes the tables for the publicassets and their elements, inspections, and condition status, which are used in the 3Dprototype development (see Appendix C).
The civil constructions table contains essential information about the assets, theirconstruction year, width, height, surface area, construction material, as well as theirowner, manager, and constructor. Each civil construction is composed of severalelements, which are stored in a separated table. The elements are connected to theircorresponding civil construction object by using its unique ID. The results from theNEN 2767-4 inspections reported in the inspection reports are saved in the inspectionstable, which is linked to the tables of the civil constructions and their elements in orderto assign the inspection information to the correct civil construction. The status table isa lookup table, which includes the condition scores assigned to the civil constructionsduring the inspections and description of the scores.
After arranging the database, the custom module for civil constructions is customisedby adjusting several application pages and components in Oracle APEX with the
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Application Builder tool. The login page configured for the existing public lightingmodule is preserved, as the same page is required for the new module as well. Theform includes input fields for the user name and password to allow the users to addtheir credentials and a submit button for accessing the application.
The APEX application pages are composed of various elements, such as regions,lists, and interactive reports. In order to make the application more user-friendly,the pages are grouped into sections added to a dynamic navigation menu foran easier access. Each OBSURV module contains inventory, inspection, budgeting,planning and reporting sections, which the asset managers can use for different purposes.
The prototype is developed in the inventory section, which includes an interactive reportwith the civil structures in Rotterdam retrieved from the associated table in the databaseby using an SQL selection query. Interactive reports enable the users to view andcustomise the data appearance through searching, filtering, sorting, and highlighting[Jennings, 2013]. Furthermore, two buttons are added to the interactive report to allowthe users to create new entries in the table and to make selections (see Figure 5.1).

Figure 5.1: Configuration of interactive report of civil constructions.
Figure 5.2 illustrates the home page, which directs the user to the table of civil con-structions stored and some of their attributes. As the entire dataset of civil structuresin Rotterdam is very large, only a few bridges are included in the table to avoid longloading time.

Figure 5.2: Home page of the custom module.
A separate collapsible page is created for the 3D viewer so that it can be opened whenan object in the interactive report is selected. This functionality is configured in jQueryby assigning HTML tags to the APEX components and using the click event. It retrievesthe user selection from the table and removes the collapse property of the details pagein order to render its content. Furthermore, a button is added to close the details pageand return to the interactive report (see Algorithm 1).
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Algorithm 1 Configure collapsible page

function click( table )add is-selected attribute to selected objectexpand details page for selected object intablescale rendering theme
function click( button )remove object selection in tablecollapse details page

Next, the 2D objects in the interactive report are linked to their corresponding 3Dmodels. The OBJ files are stored in the directory of the custom module on the serverside due to their large size. The file names contain the unique ID of the bridge in thedatabase, the name of the bridge element, and the *obj extension. The files are definedas strings and added to a JavaScript array for easier retrieval in the rendering process(see Section 5.2). The ID of the selected object is obtained from the interactive reportand included in the file name string (see Algorithm 2). This ensures that the correctBIM model is shown in the details page.
The 3D prototype is developed by using one 3D model. Therefore, the viewer shouldbe visible only for the associated 2D object and remain empty for all other objects,as there are no files in the specified directory. The HTTP response status is used toidentify if the request is successfully completed or errors occur during the files loadingprocess. The most commonly used statuses are 200 OK for successful responses and
404 Not Found when the server cannot find the requested resource [Mozilla, 2018b].The XMLHttpRequest object is implemented to check the HTTP status for each OBJfile due to its ability to send and receive data from the server. A specific function isexecuted whenever the status of the request changes to inform about the request progress[W3Schools, 2018]. The HTTP status 404 refers to a client error response, as the servercannot find the requested resource [Mozilla, 2018b]. The 3D viewer is hidden in casethe HTTP status is 404 and otherwise the HTML element, which contains the Three.jsrendering functionality is loaded (see Algorithm 2).
Algorithm 2 Associate 2D objects with their corresponding 3D model

function click( table )id ← ID of selected object in tablefiles ← array containing the names of the OBJ files
. construct the OBJ file name as follows:"path/to/folder/" + id + "element name.obj"
for each file in files array doxhr ← XMLHttpRequest object to request data from server

function onreadystatechange( xhr ) . executed when HTTP status changes
if HTTP status = 404 thenmake 3D viewer content invisible
elsemake 3D viewer content visibleinitialize new requestsend request

The 3D viewer is developed by combining HTML, CSS, and JavaScript. The HTML codeis added as source text to determine the details page content. The CSS styling file andall JavaScript libraries required for rendering the 3D model are added separately to the
File URLs settings of the application page.
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5.2 3d viewer configuration
5.2.1 Scene Creation

The 3D viewer is built completely on Three.js, which creates a scene graph out of acamera, lights, and graphical objects and animates the represented scene [Eck, 2018].For that purpose, it is required to configure a WebGL renderer, add 3D objects, andenable an animation (see Figure 5.3). The renderer is used to create an image from thescene graph. The 3D objects are made up of geometry and material to make the objectvisible in the scene [Eck, 2018]. The animation system integrated in Three.js allows therenderer to update the camera and draw the scene every time the screen is refreshed[Three.js, 2018].

Figure 5.3: Rendering process in Three.js, adapted from Taalman [2015].
The WebGL renderer for displaying the created graphics and animations is positionedinside the HTML element defined for 3D rendering, i.e. the renderer size and view portare set according to its width and height. The background colour is white to align withthe other components of the 3D viewer and a scene is added to place the projectioncamera and lights (see Algorithm 3).
In the next step, the camera is configured. The perspective camera is chosen, as it ismost commonly used for 3D rendering in computer graphics. The perspective projectionis designed to imitate the view of the human eye where the objects appear smaller ata distance [Three.js, 2018]. The camera has several properties, such as field of view,aspect, and near and far plane, which should be taken into account in the configuration(see Figure 5.4).

Figure 5.4: Perspective camera model, adapted from Dirksen [2013].
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The vertical field of view is set to 70° and the aspect ratio is computed as the ratiobetween the WebGL renderer width and height so that the 3D objects do not lookcompressed on the screen. The near and far planes determine the start and endpoints of the drawing process, i.e. objects further away from the camera than thevalue of far plane or closer than the value of near plane are not rendered in the scene[Three.js, 2018]. The perspective camera is located in the center of the scene at a largerdistance so that the 3D model does not fully cover the WebGL renderer (see Algorithm 3).
Lighting is a fundamental aspect in computer graphics, as it provides a more realisticrepresentation of the 3D model by simulating light sources and their interaction withthe objects in the scene. Three.js offers various lighting options, such as ambient,directional, hemisphere, and point lights. The ambient light is commonly used in3D rendering due to its ability to illuminate the 3D model equally by using light,which has been reflected and re-reflected many times without having a particulardirection [Eck, 2018]. Therefore, the ambient light is implemented in the 3D viewer anda white colour is assigned to it to make the 3D objects appear brighter (see Algorithm 3).
Consequently, orbit controls are added to the 3D viewer to control the perspectivecamera motions and enable zooming and rotating the 3D model. The maximum zoom isset to the same value as the camera far plane to avoid the disappearance of the objectwhen zoomed in further. In case the orbit controls are updated, a JavaScript function isexecuted to render the 3D object as requested and update the animation (see Algorithm3).
Algorithm 3 Configure camera, lights, and animation controls

function initwebglCanvas ← HTML canvas with WebGL contentrenderer ← WebGL renderer with the size of the HTML canvasadd renderer to the HTML canvas and make it visibleadd a mousedown event to the WebGL canvasadd a resize event to the WebGL canvasscene ← Three.js scene
camera ← perspective camera with X, Y, Z position added to the scenelight ← soft white ambient light added to the scenecontrols ← orbit controls to enable zooming, rotating, and panningadd a change event to the controls

5.2.2 BIM Model Loading

After the main components of the Three.js scene are set up, the 3D model is loadedin the WebGL renderer by using the OBJ loader to retrieve the OBJ files from theserver. By default, the objects are represented as meshes with predefined geometry andmaterial, which can be modified if any changes in the 3D model are required [Three.js,2018]. Each object is inserted into a predefined JavaScript array, which can be used forother computations in a later step (see Algorithm 4). In addition, a loading manager isincorporated for the OBJ loader to track its progress and display it in the console. Themanager is an optional functionality in Three.js, but its use is highly recommended dueto its ability to record the loaded and pending data and show if any errors occurredduring the loading process. In case of the 3D viewer, it is used to configure the progressbar to display how many files have loaded successfully (see Algorithm 4).
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Algorithm 4 Load the OBJ files in the scenemanager ← loading managerprogress bar width ← percentage of loaded files

index = 0objects ← empty array
function loadfile( scene, info )loader ← OBJ loader supported by Three.js

function load( object ) . iterating over the files arrayobject.userData.Name ← last string extracted from the file nameadd loaded object to the sceneadd loaded object to the objects arrayindex ← index ++call loadFile procedure
In order to colour the distinct bridge elements according to the results of the NENinspections, the inspection data is retrieved from the database by using AsynchronousJavaScript and XML (AJAX) calls. The userData property, enabled for each object inThree.js, is used to store the retrieved information while loading each OBJ file (seeAlgorithm 4).
Oracle APEX provides on demand application processes, which can be used to performvarious actions required for the application pages. The processes utilise PL/SQL tosend to and retrieve information from the database and are executed at specific pointin the page or from an AJAX callback [Oracle, 2015]. The data retrieval is a stepwiseprocess, which includes defining a PL/SQL procedure, specifying an APEX applicationprocess, and obtaining an AJAX callback response (see Figure 5.5).

Figure 5.5: Data retrieval by using AJAX calls in APEX.
First, a PL/SQL procedure is created within a custom package for inspections of civilconstructions in Oracle SQL Developer (see Algorithm 5). Then, the database fields ofinterest are declared and their type is obtained from the inspections table. The uniqueID of the civil construction element is required to link the bridge element to the databaseentry. The inspection date and score, inspector name, and additional notes will be usedin the object selection in a later step. A bulk collection is used to retrieve all tablerows with a single fetch and improve the speed of the data retrieval [Feuerstein, 2012].The response from the PL/SQL procedure can be stored in a simple JSON object asa common data type for information exchange information accessible from JavaScript[Petrus, 2013]. The JSON object is created with the htp.p command, which generates anHTML paragraph tag with the specified content [Oracle, 2005]. Each database record
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is added in a separate JSON object and all objects are combined in a JSON array foreasier retrieval.
Algorithm 5 Configure the PL/SQL procedure to retrieve data from Oraclecreate package KUN_INSPECTIES_APEXcreate procedure GET_INFORMATION and define datatype of the fields to be retrieveddeclare nested table KUN_REC_TT and table type based on the inspections tabledefine collection KUN_REC_T holding the IDs of all inspectionsdefine index KUN_IDX of created table as integer

beginuse bulk collection to fetch all inspection IDs into KUN_REC_Tadd inspection IDs to the collection . iterate over IDs to check if KUN_IDX 6= 0add element ID to JSON objectadd inspection date to JSON objectadd inspector name to JSON objectadd score to JSON object
end

After defining the PL/SQL procedure to retrieve information from the database, an ap-plication process is created in APEX with the same name as the procedure name. AnAJAX callback is chosen to run the process when requested and the PL/SQL procedureis obtained from Oracle SQL Developer to set up the application process. In Three.js,a separate function is added to call the PL/SQL procedure (see Algorithm 6). Thisfunction is a wrapper for the jQuery.ajax() function to perform an asynchronous AJAXrequest. All the jQuery settings and additional APEX features are provided to specifythe loading indicator position and the data type of the AJAX callback response. Thefunction also has a success handler, which is executed when the call is completed, andthe argument pData refers to the response sent from the AJAX request parsed in the formof the defined data type [Petrus, 2013]. The final JavaScript arrays with the databaserecords are used in the loadFile function for loading the 3D model.
Algorithm 6 Retrieve data from database and add it to the model properties

function getinformation( objectLoader, scene )get_information ← APEX server processloadingIndicator ← HTML bodyloadingIndicatorPosition ← HTML pagedataType ← text
function success( pData )info ← parsed JSON array with retrieved data

function loadfile( scene, info )...
for each object in objects array doobject.userData.DatabaseID ← add object ID

. data extracted from the info arrayobject.userData.InspDate12 ← add inspection date for 2012object.userData.Inspector12 ← add inspector name for 2012object.userData.Score12 ← add score for 2012repeat for the other inspection years...
For assigning the initial colour to the objects, it is necessary to traverse each 3D objectand change the material of its components, which is done by using the colorComponentfunction. The colour depends on the condition score specified for the bridge elementduring the NEN inspections and the colour range is defined according to the documen-tation of the inspections. The material is made transparent and slightly opaque for a
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better representation in the scene (see Algorithm 7). The initial colours of the BIMmodel are obtained from the last bridge inspection in 2012.
Algorithm 7 Assign initial colour to the model elements

function loadfile( scene, info )...
for each object in objects array dotraverse the object componentscall colorComponent to colour the components...

function colorcomponent( component, score )
if score = 1 thenassign green colour to the component
else if score = 2 thenassign light green colour to the component
else if score = 3 thenassign yellow colour to the component
else if score = 4 thenassign orange colour to the component
else if score = 5 thenassign red colour to the component
elseassign dark red colour to the component

Figure 5.6 illustrates the BIM model visualized in the WebGL renderer and colouredbased on the condition score specified in the NEN inspections. A legend is also incor-porated on the upper left corner to explain the meaning of the colours in the 3D modelfor easier interpretation of the model.

Figure 5.6: 3D viewer with the integrated BIM model and legend.

5.2.3 Base Map Configuration

GIS can provide a deeper insight into the BIM technology by enabling advancedanalysis and visualization of the surrounding environment of 3D objects. However, thisis possible only when the 3D models are properly located on a geographic map [Diakite,2018]. There are various options for incorporating a base map in the 3D viewer. Themost common web mapping tools are Leaflet, OpenLayers, and Mapbox. However, alarger map can affect the performance of the web application and does not allow theuser to rotate the map and view subsurface objects, e.g. the bridge substructure in case
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of the BIM model.
The alternative is to add a square plane below the 3D model in Three.js and apply atexture to it in the form of an image of the surrounding area. In order to define thebounding box of the plane, it is necessary to specify its X and Y lengths. This can beachieved by obtaining the parameters of the outer element of the BIM model with thelargest spatial extent - retaining walls (see Algorithm 8).
Algorithm 8 Determine bounding box of the ground planeindex = 0

function loadfile( scene, info )
function load( object )...

if index = 0 then . OBJ file of the retaining wallscall makeBBox function to define bounding box of the given object...
function makebbox( object )bbox ← set bounding box from objectxLength ← define x length of bounding boxyLength ← define y length of bounding boxzLength ← define z length of bounding box

The texture of the plane is obtained by sending a WMS request to the PDOK server toreceive an image of the area of interest. First, it is required to define the coordinatesof the center of the area in the Dutch CRS, which is a 2D Cartesian reference systemand uses meters as units of measurement. For that purpose, the coordinates of thecentroid of the 3D model are to the desired CRS and the lengths of the bounding boxare converted in meters, as the coordinates in the OBJ files are given in inches. Then,the lower left and upper right corners of the WMS image are calculated with respectto the center point. The WMS request is created by accessing the PDOK topographicmap TOP10NL, choosing the layers and their styles, and defining the spatial extent.

Figure 5.7: Image of the area of interest, obtained as a WMS request.
In the end, the ground plane is constructed with the predefined geometry and the re-sulting PNG image is loaded as a texture. In addition, a toggle button is added to the3D viewer to allow the users to switch the ground plane on and off based on their own
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preferences. The button is represented as a check box and the ground plane is madevisible or invisible depending if the check box is clicked or not (see Algorithm 9).
Algorithm 9 Create ground plane to place base mapcenterX ← X coordinate of bridge centroid in Dutch CRScenterY ← Y coordinate of bridge centroid in Dutch CRS

function createground( valuesBBox, objectRotation )lengthMeters ← convert xLength and yLength to metersleftX ← define left side of the ground planelowerY ← define bottom of the ground planerightX ← define right side of the ground planeupperY ← define top of the ground planebaseURL ← specify base URL for the WMS requestlayers ← choose layers for the ground planestyle ← choose style for the layerswmsRequest ← create WMS request with the defined parametersgroundMaterial ← load image from WMS request as texturegroundGeometry ← get xLength and yLength as boundariesadd ground plane to the scene
function showground

if togglebutton is clicked thenmake ground plane visible
elsemake ground plane invisible

In the next step, the 3D model needs to be aligned with the ground plane. BIM modelsare rarely associated with real-world coordinates, which is why it is important to obtaintheir exact geographic location on Earth for integration in a GIS system [Diakite, 2018].The BIM models are developed in a 3D Cartesian CRS, which is used to describe theposition of objects in a 3D space given in X, Y, Z coordinates. The CRS is defined bythe origin of the axes, which is selected arbitrarily, and their direction. In the traditionalCartesian CRS, the X and Y axes are in the forward and backward directions and the Zaxis is orthogonal to the other two [Marel, 2014]. However, many BIM design platformslike Autodesk Inventor utilise a User Coordinate System (UCS), a specific type of aCartesian CRS that has the Y axis in the up direction instead of the Z axis [Autodesk,2014]. The two types of Cartesian reference systems are illustrated in Figure 5.8 below.

(a) (b)

Figure 5.8: Cartesian CRSs: (a) Traditional reference system. (b) UCS reference system.



5.2 3d viewer configuration 47
As explained in Section 2.4, there are different methods for georeferencing 3D models.A combined framework based on the approaches proposed by Kolár and Wen [2009] andWang et al. [2013] is developed and applied to the decomposed BIM model. The firststep of the georeferencing process is to define several reference points on the bridgeand obtain their geographic location by using a cross-platform like Google Earth. Thechosen points of interest are the centre, north-eastern most and south-western mostpoints of the bridge superstructure (see Figure 5.9).

Figure 5.9: Reference points and their coordinates obtained from Google Earth.
The coordinates provided in Google Earth are in World Geodetic System 1984 (WGS84),a global terrestrial reference system used by the Global Positioning System (GPS)to determine positions on Earth. WGS84 represents the Earth surface as an oblateellipsoid, which is considered to be the best approximation of shape of the Earth. Thecoordinates are given in latitude φ, longitude λ, and height h above or below thereference ellipsoid [Marel, 2014]. As can be seen in Figure 5.9, the location of thepoints of interest is expressed only by the latitude and longitude and the ellipsoidalheight is not taken into account in the georeferencing, as it is not of great importancefor the coordinate conversion.
The WGS84 ellipsoid can be defined by several parameters, such as the equatorialradius a (6 378 137 m) and polar radius b (6 357 m) that determine the flattening f andeccentricity e Marel [2014]:

f =
a− b

a
e2 = 2 f − f 2 (5.1)

In the next step, the geographic coordinates (ϕ, λ, h) are converted to 3D Cartesiancoordinates (X, Y, Z). The resulted coordinates are in an Earth-Centered, Earth-Fixed(ECEF) reference system, a global CRS with an origin at the center of the Earth (seeFigure 5.10). ECEF is characterised by X and Y axes in the equatorial plane and Z axisorthogonal to the other two [Marel, 2014; Royal Observatory of Belgium, 2012]. Thegeocentric CRS is usually used in navigation systems to determine the satellite andreceiver positions [Sanz Subirana et al., 2011b].
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Figure 5.10: Schematic representation of the WGS84 and ECEF coordinates [Sanz Subiranaet al., 2011a].
The ECEF coordinates can be obtained from the ellipsoidal coordinates by using thefollowing equations:

X = (N̄ + h) cosϕ cosλ

Y = (N̄ + h) cosϕ sinλ

Z = (N̄ (1− e2)+ h) sinϕ

(5.2)

where N̄ refers to the radius of curvature related with the eccentricity:
N̄ =

a√
1− e2 sin2ϕ

(5.3)
as proved by Sanz Subirana et al. [2011a]. However, ECEF stores up to 7 digits beforethe decimal point per axis, which is inconvenient and differs from the coordinates spec-ified in the OBJ files. Therefore, the ECEF coordinates need to be converted to localcoordinates related to the centroid of the 3D model. The local CRS is often referred toas East, North, Up (ENU) reference system, in which X points in the East direction, Yin the North direction and Z in the up direction (see Figure 5.11). Both the geocentricand topocentric CRSs are tied to the Earth, but their origins differentiate depending onthe use case [Marel, 2014].

Figure 5.11: Schematic representation of the ECEF and ENU coordinates, adapted from SanzSubirana et al. [2011a].
In the Cartesian coordinates conversion, the datum of the target CRS should be changedand the coordinate axes should be defined by using a 7-parameter similarity transfor-mation: a scale parameter, 3 rotation parameters, and 3 translation parameters [Marel,2014]:



5.2 3d viewer configuration 49
[

X′
Y′
Z′

]
= (1 + µ) · R(Ωx Ωy Ωz) ·

[
X
Y
Z

]
+

[tx
ty
tz

] (5.4)
where X’, Y’, Z’ are the ENU coordinates and X, Y, Z are the ECEF coordinates. Thescale factor of (1 + µ) tends towards 1 due to the low scale µ. The rotation matrixR(Ωx Ωy Ωz) is defined as a sequence of Euler rotations around the X, Y, Z axes. Thetranslation vector (tx, ty, tz) gives the coordinates of the origin of the ECEF coordinatesystem with respect to ENU coordinate system [Marel, 2014]. In order to constructthe ENU system, the ECEF coordinates of the reference points should be rotated andtranslated from the geocenter to the oblique origin [Wang et al., 2013]:

[
X′
Y′
Z′

]
=

[
−sinλ0 cosλ0 0

−sinϕ0 cosλ0 −sinϕ0 sinλ0 cosϕ0
cosϕ0 cosλ0 cosϕ0 sinλ0 sinϕ0

]
·
[XP − X0

YP −Y0
ZP − Z0

] (5.5)
where XP, YP, ZP are the ECEF coordinates of the reference points, X0, Y0, Z0 arethe ECEF coordinates of the centroid of the 3D model, which is the origin of the ENUcoordinate system. The 3x3 rotation matrix includes the latitude φ0 and longitude λ0of the centroid point.
In order to position the BIM model correctly on the base map, it is necessary to link thereal-world reference points to their corresponding points in the 3D model and apply thetransformation matrix from Eq. 5.5 to these points. In Three.js, the data associated withthe vertices of the 3D model are stored in the geometry property, which contains thevertex positions, face indices, normals, colors, and custom attributes. The attributes ofthe vertices of each element in the BIM model are stored in buffers and their positionsare structured in an array [Three.js, 2018]. It is relatively easy to add new vertices tothe array by specifying their X, Y, Z coordinates. However, it is difficult to manipulatethe existing array due to large amount of vertices stored in it. Thus, it is not possibleto find the exact location of the reference points in the 3D model and transform themby using the rotation and translation matrices.
The coordinate conversion and datum transformation are done by implying the aforemen-tioned formulas in Three.js. First, the latitude and longitude of the reference points arestored in a JavaScript array and converted to ECEF in a predefined function convert-
ToECEF based on Eq. 5.2 (see Algorithm 10).
Algorithm 10 Convert coordinates with Three.jscoordinatesWGS ← array of coordinates of reference points obtained from Google MapscoordinatesECEF0 ← ECEF coordinates of reference point 1coordinatesECEF1 ← ECEF coordinates of reference point 2coordinatesECEF2 ← ECEF coordinates of reference point 3

function convertroecef( ϕ, λ, h )a ← 6378137f ← 1÷ 298.257223563e ← 2× f − f 2 . squared eccentricityN ← a÷
√

1− e× sin2 ϕX ← (N + 0)× cosϕ× cosλY ← (N + 0)× cosλ× sinϕ
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Z ← ((1− e)× N + 0)× sinϕ

After obtaining the ECEF coordinates, the local reference system is constructed. For thatpurpose, the rotation and translation matrices are created as 4x4 matrices, as these arethe most commonly used matrices for transformations in 3D computer graphics [Three.js,2018]. In Three.js, it is not possible to transform a particular point within a 3D object,which is required for aligning the BIM model with the base map. Thus, the rotationmatrix is applied to the original matrix of the objects in the 3D model (see Algorithm11). In addition, the objects coordinates are rearranged, so that the Z coordinate is inthe up direction. By default, the Y coordinate points up in Three.js similar to the BIMdesign platforms.
Algorithm 11 Construct transformation matrix and apply it to the 3D model

function loadfile( scene, info )
function load( object )...

ϕ ← latitude of bridge centroid
λ ← longitude of bridge centroidshift ← translation vector . subtracted ECEF coordinates of two reference points
rotationMatrix =  −sinλ −cosλ 0 0

−sin ϕcosλ −sin ϕsinλ cos ϕ 0
cos ϕcosλ cos ϕsinλ sin ϕ 0

0 0 0 1


translationMatrix = 1 0 0 shi f t.x

0 1 0 shi f t.y
0 0 1 shi f t.z
0 0 0 1


transformation matrix = rotationMatrix × translationMatrixapply rotation matrix to objectset Z coordinate of object in up direction...

The proposed method for georeferencing the BIM model did not give the expected out-come, as the 3D object was not transformed properly. This can be explained by the factthat the reference points could not be identified in the 3D model and the transformationmatrix could not be applied directly to the points of interest. This resulted in incorrectrotation of the elements in the model (see Figure 5.12).

Figure 5.12: BIM model transformation.
Due to the wrong positioning of the BIM model, an alternative approach for transforma-tion is used in CloudCompare. CloudCompare is a software for mesh and point cloud
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processing, which provides a transformation tool that allows the user to move and rotateselected objects relatively to other objects in the scene [CloudCompare, 2015]. Theadvantage of this tool is that a 4x4 transformation matrix is automatically generatedand can be directly applied to the 3D model in Three.js.
First, the image obtained from the WMS request and the OBJ file of the retaining wallsare loaded in CloudCompare. This OBJ file is chosen, because the retaining structurehas the largest spatial extent from all elements of the BIM model. It is also possibleto load all OBJ files, but the transformation procedure needs to be repeated for eachfile. After the required files are loaded, the units of measurement of the OBJ file areconverted from inches to meters, as the topographic map in the image is in the DutchCRS. In the next step, the position of the BIM model is modified to fit in the image. Inorder to achieve that, the translation in X and Y directions is defined based on the centerof the image, which is specified in the image parameters in CloudCompare. Afterwards,the rotation around the Z axis is done manually by approximating the location of the3D model in the area of interest.

(a) (b)

Figure 5.13: Transformation of the BIM model in CloudCompare: (a) Translation of the model tofit in the image. (b) Manual rotation of 3D model to align with the base layer.
The 4x4 matrix generated in CloudCompare is applied to the objects in the BIM modelinstead of the transformation matrix from the previous georeferencing approach. Then,the BIM is located at the center of the base layer by setting up the X and Y position(see Algorithm 12). As the units of measurement are changed to meters after the trans-formation in CloudCompare, the position of the camera is adjusted so that the 3D modeldoes not appear too small in the scene.
Algorithm 12 Apply transformation matrix generated by CloudCompare to the 3Dmodelchange camera position

function loadfile( scene, info )
function load( object )...

transformationMatrix =  0.016862 0.018996 0.000000 93811.90625
−0.018996 0.016862 0.000000 436408.6875
0.000000 0.000000 0.0254 0.000000

0 0 0 1


apply transformation matrix to objectset X and Y position of object to 0...
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It is evident that the transformation matrix generated by CloudCompare and applied tothe 3D model fixed the rotation and translation of the BIM model so that it can alignwith the base map (see Figure 5.14).

Figure 5.14: BIM model transformation obtained from CloudCompare.

5.2.4 Object Selection

The visualization of the BIM model and integration of the 3D viewer in OBSURVare fundamental functionalities of the prototype. Nevertheless, the ability to selectelements of the model and show information about them is also of great importance forthe stakeholders. This is achieved by using the mousedown event, which is executedwhen the user presses the mouse button over an element in the scene. This JavaScriptevent is added to the canvas to allow for selecting objects only within the WebGLrenderer (see Algorithm 3).
Three.js provides a specific function for mouse picking, which uses ray casting to findintersections with the elements added to the scene (see Figure 5.15). The ray is createdwith origin at the mouse position and camera direction. The mouse position is calculatedin normalised device coordinates, where the X and Y coordinates should be between -1and 1 and the Z coordinate refers to the ray direction. Then, these coordinates areadded to a 3D vector, which is unprojected with the camera’s projection matrix [Three.js,2018].

Figure 5.15: Ray casting method implemented in Three.js, adapted from Dirksen [2013].
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After setting up the mouse coordinates and ray caster, the object highlight is configured.It is important for the object picking that only the currently selected element of the BIMmodel is highlighted. This is achieved by assigning a different colour to the elementintersected with the ray for better recognition and obtaining the original material ofthe element in case of no intersection (see Algorithm 13). This procedure needs to berepeated for each inspection year controlled in the history tab in order to update theobject selection and highlighting in the 3D viewer.
A separate information tab is created to show additional information about the selectedobject. The tab includes HTML input fields, which are filled in with the inspection datastored in the userData property of the selected element (see Algorithm 13). In addition,a timeline is integrated in the tab to give a better overview of the condition of the 3Dobject within the time period specified in the history tab. The time line is representedas a line with rectangles on top of it, which change their colours for each element inthe BIM model. The colours of the distinct scores are defined in a dictionary and theCSS styling of the rectangles is updated based on the scores of the selected object (seeAlgorithm 13). The information tab is made visible only when an object is selected.
Algorithm 13 Configure object selection and highlight functionality

function onmousedown( event )mouse ← specify mouse position on the screenraycaster ← configure ray caster according to mouse and cameraintersects ← get the closest point to intersection
if intersection then

for point in intersections domake information tab visibleget current colour of selected objectassign blue highlight colour to selected object
. populate text fields in information tabadd type of object
if object ← span locks thenadd electromechanical part as type of element
elseadd civil engineering part as type of elementadd element name, inspection date, inspector namecall showCondition for timeline

elsemake information tab invisibleremove highlight colour and assign initial colour to the object
function showcondition( score1, score2, score3 )colours ← dictionary with a defined colour for each scoreadd background colour to the squares on timelineadd background colour for second square on timelineadd background colour for third square on timeline

Figure 5.16 below shows the object selection and highlight created for each bridgeelement in the BIM model and the information tab with the inspection data on theupper right corner of the 3D viewer. During the implementation of the object selectionfunctionality it became apparent that the entire bridge substructure could not be selectedbecause of the split tool used in the BIM model decomposition (see Section 4.2). Asubstantial problem with the object selection is the mouse picking function, which is
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related to the fact that traditional Three.js applications are standalone and take up theentire HTML document for rendering. Initially, the mouse coordinates were set up withregard to the HTML document, which resulted in wrong position of the mouse. In thatcase, it is necessary to click outside the boundaries of the 3D model to approximate thedocument coordinates and select the object of interest (see Figure 5.16).

Figure 5.16: Object selection and highlight functionality.
The solution of this issue is to obtain the size of the collapsible APEX page and definethe mouse position with respect to the that page. The boundaries of the WebGL canvas,where the 3D model is rendered, are retrieved by using the getBoundingClientRectmethod that returns window coordinates for the element calculated from the window left-upper corner [Kantor, 2018]. The clientX and clientY refer to the X and Y coordinatesof the mouse pointer corresponding to the entire HTML document [Mozilla, 2018a]. It isrequired to subtract the left and top canvas offset to obtain the object coordinates withinthe collapsible page (see Figure 5.17).

Figure 5.17: Specification of the mouse position in the HTML document and the window coordi-nates in the 3D viewer, adapted from Kantor [2018].
The refinement of the mouse picking function by determining the boundaries of thecollapsible page solved the problem with the mouse position, i.e. the user is able to theclick select the object of interest and the same object is highlighted in a blue colour(see Figure 5.18).
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Figure 5.18: Object selection and highlight functionality with fixed mouse position.
5.2.5 Additional Functionalities

A switcher is configured to allow the user to control the objects appearance in the 3Dviewer. The labels of the HTML check boxes are sorted by the bridge elements loadedpreviously. To enable the switcher, the showObject function is executed when a checkbox is clicked. The function takes a list of the respective check boxes as input andverifies if a check box is clicked or not. Then, the corresponding 3D object is madevisible or invisible based on the click event (see Algorithm 14).
Algorithm 14 Configure switcher functionality

function showobject
for each check box in the switcher tab do

if check box is checked thenmake the corresponding object visible
elsemake the corresponding object invisible

The switcher can be combined with the animation functions to make small bridge ele-ments more visible, e.g. the span locks that are hardly recognisable in the normal viewof the model. The rotation and zoom functions enable the user to see some of the objectcomponents due to the colour transparency of the bridge elements (see Figure 5.19).

Figure 5.19: Bridge substructure and span locks in combination with the rotate and zoom functions.
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The change detection functionality is represented in the form of radio buttons so thatonly one item is selectable at a time. The radio buttons are labelled with the inspectionyears, which allows the user to choose the year of interest and see the changes in thecondition of the distinct elements. When the user selects the year, the showHistoryfunction is executed to assign the corresponding colours to the 3D model. Similar to theinitial colour assignment, each object in the BIM model is traversed and the material ofits components is changed automatically (see Algorithm 15).
Algorithm 15 Configure change detection functionality

function showhistory
for each object in the objects array dotraverse object components

if year 2007 selected thencolorComponent( component, object score for 2007 )
else if year 2002 thencolorComponent( component, object score for 2002 )
elsecolorComponent( component, object score for 2012 )

The tab showing the inspection results from previous years contains the years of thelast three inspections of the infrastructure asset (see Figure 5.20). The time changesare also visible in the information tab displayed when a bridge element is selected inthe 3D viewer (see Figure 5.18). Ultimately, the user should be able to enter the resultsof the NEN inspections directly in the viewer and a new radio button with the nextinspection year should appear in the change detection tab.

Figure 5.20: Change detection functionality in the 3D viewer.
In order to make the 3D viewer responsive and resizable on different devices, the sizeand viewport of the WebGL renderer should be changed according to the width andheight of the collapsible page. Furthermore, the BIM model should be scaled accordingto the size of the collapsible page. For that purpose, the camera aspect and projectionshould be updated to allow for the correct rendering of the 3D model in the scene (seeAlgorithm 16).
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Algorithm 16 Make WebGL renderer resizable

function oncanvasresizechange renderer size to the canvas sizechange renderer view port to the canvas aspectcamera aspect = canvas width ÷ canvas heightupdate camera projection matrix
As the 3D viewer is embedded in the existing application, it is dependent on otherHTML elements and some settings in the APEX page needed to be adjusted to resizethe WebGL renderer properly (see Figure 5.21).

Figure 5.21: Resized WebGL renderer and 3D model.





6 P R OTOT Y P E E VA L U AT I O N
After the research methodology regarding the development and implementation of the 3Dprototype has been explained, the focus is placed on the evaluation of its usability andfunctional operability. This chapter presents the concept of usability testing, which is themost suitable approach to assess the user interaction with the prototype, and describesthe evaluation process along with the analysis of the results from the conducted survey.
6.1 usability testing
Usability testing can be described as a research tool, which enables the usersto assess a product or a prototype. The extent of the usability tests can rangefrom classical experiments with large sample sizes to informal qualitative studieswith only one participant. For private organisations, usability testing attempts toeliminate design problems and frustration for the users in order to release useful,effective, efficient, and satisfying products. Furthermore, the product evaluation aimsto improve the profitability of products by keeping track of test results and creatinga historical record of usability benchmarks for future releases [Rubin and Chisnell, 2008].
The usability testing has a great value for developers, as it provides essential informationabout the quality and usability of their applications, and helps them recognise anypossible issues found by the users [Ivory, 2003]. Therefore, the approach is of greatimportance for the assessment of the prototype and its further implementation by meansof identifying problems related to its development and operation, and indicating potentialimprovements. Nevertheless, the method has some limitations related to its reliabilityand choice of participants [Rubin and Chisnell, 2008]:
• Testing is an artificial situation: Usability testing depicts an actual situation ofusage, but not the situation itself, which in turns can affect the results of the study.
• Test results do not prove that a product works: The results of usability testingare highly dependent on the way the test is conducted and they cannot be fullyrelied on.
• Test participants are rarely fully representative of the target group: Usabilitytesting usually encompasses a large group of participants, although the actual endusers are often hard to identify and can differentiate from the target group.
• Testing is not always the best technique to use: Alternative techniques can beused for the assessment of products and prototypes to reduce cost and time, andensure more accurate results. For instance, an expert review enables a promptidentification of usability issues through the examination of a UX specialist.

The expert evaluation focuses mainly on the user friendliness of applications byassessing the UI design and human-computer interaction [Harley, 2018]. In order to
59
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derive indepth conclusions about the usability and functional capability of the 3Dprototype, it is desirable to do testing with users. Usability testing usually beginsafter the creation of a paper-based UI design and continues through the prototypedevelopment. However, most web sites are not evaluated before their implementation inreality [Lazar, 2001].
Each testing approach has different objectives and can be performed in different ways[Rubin and Chisnell, 2008]. In general, there are two types of data that can be collectedin a usability test: qualitative and quantitative data. The qualitative study is based onobservational findings by UX experts to directly assess the ease of use of a system anddetermine whether the UI features are sufficiently designed. The quantitative researchreflects the user performance on a given task or the participants’ perception of usability[Budiu, 2017]. Both the qualitative and quantitative studies use multiple research tech-niques, such as surveys and interviews, to gather and analyse empirical data [Neuman,2014].
6.2 survey research
The purpose of the 3D prototype evaluation is to assess the usability of the prototypeand provide optimisation measures for its further implementation. The quantitativeresearch is suitable for assessing the functional operability of a system rather thanidentifying the main design problems [Budiu, 2017]. Therefore, this approach is chosenfor evaluating the usability of the 3D viewer.
Survey research is a quantitative method for collecting data from a large number ofpeople to gather information on their beliefs, opinions, or expectations in specific situa-tions. Surveys can provide accurate, reliable, and valid data that can be analysed withstatistics and presented in charts, graphs, or tables. Therefore, this type of quantita-tive research is most frequently used in descriptive and explanatory research [Neuman,2014]. The survey research follows a specific sequence of steps, which are representedin Figure 6.1 below.

Figure 6.1: Steps in the survey research process, adapted from Neuman [2014].
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Step 1: Choose Type of Survey and Define Questions

The first step of the research is to create an instrument. The survey can be conductedin the form of a survey questionnaire, where the participants read and answer thequestions themselves, or an interview schedule, in which the interviewer asks therespondents a set of questions and records their answers [Neuman, 2014]. In case of the3D prototype evaluation, a questionnaire survey is preferable for easier data collectionand analysis.
After choosing the type of survey, it is necessary to define questions and design theform. Questions are fundamental in the surveys and determine which indicators areused for testing. Therefore, the questions should be designed in a way that the usersare able to assess the effectiveness and feasibility of the created prototype, and exposeany implementation issues they encounter [Cabaj, 2017]. When designing the questions,several aspects need to be considered for valid and reliable results. Possible confusionshould be avoided and the respondents’ perspective should be kept in mind to ensurethat the participants understand the meaning of each question as intended and areable to answer completely [Neuman, 2014].
Survey questions are usually classified into closed and open-ended questions. Closedquestions enable the participants to choose the response from a fixed set of answers,which makes the questions easy to answer and analyse. However, the respondentsare not able to express a more complex meaning and the survey can be biased, if theparticipants tend to systematically tick either the first or last answer. Open-endedquestions allow the respondents to freely express their opinions. In this way, additionalinformation about the topic can be gathered in case there is not enough existinginformation available. Unlike closed questions, the open-ended questions require moretime to be answered and are more difficult to analyse due to their diversity. Thus,it is necessary to create a system to classify the responses [Siniscalco and Auriat, 2005].
Step 2: Define Target Group and Plan Survey

Before conducting the survey, it is important to specify the target group of participantsbased on the aim of your application. The end users of the 3D prototype are assetmanagers in the Dutch municipalities, who are responsible for the inspections andmaintenance of the civil structures. However, no asset managers from a public institutioncould be involved in the evaluation due to lack of communication. Not enough assetmanagers were found or agreed to complete the survey and a small amount of usersdoes not guarantee reliable results. In this case, the target audience is comprised ofseveral specialists in different AM domains and BIM development at Sweco, which areable to critically evaluate the functional capability of the 3D viewer and suggest furtherimprovements.
In the next step, the location of the survey should be defined, it can be done in person,via mail or telephone, or over the Internet by allowing the participants to fill in a form[Neuman, 2014]. Due to the diversity of respondents in the questionnaire, it is moreconvenient to do an online survey.
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The questionnaire is created in Google Forms, a well-known tool for creating andanalysing surveys. The form is divided into 5 different sections, including welcomingand instructions, participants’ personal details, usability testing, suggestions forfurther improvements and additional comments, and closing (see Appendix F). It israther challenging to design clear and relevant questions for respondents with diversebackgrounds, as the question wording may be interpreted differently by everyone, butall answers should be combined for the data analysis [Neuman, 2014]. Therefore,simple and straightforward closed and open-ended questions are developed for thequestionnaire.
The online survey is sent to the participants in the 3D prototype evaluation afterthe project has been presented to the audience along with a live demo showing allfunctionalities of the created 3D viewer.
Step 3: Conduct Survey and Collect Data

After choosing the target group and planning the questionnaire survey, some instructionson completing the survey should be given to the participants [Neuman, 2014]. In caseof the 3D prototype evaluation, the instructions are included in the beginning of thequestionnaire.
For the data collection, it is important to keep track of the respondents’ answersto every question in the questionnaire to enable easier data storage and analysis[Neuman, 2014]. All the responses from the participants are stored in Google Formsand are visible for the creator of the survey. In addition, the responses can be saved asspreadsheet for further investigation.
Step 4: Enter Records and Analyse Data

Once the survey data are collected, the responses from the individual questionnairesare reviewed and stored in a computer-readable format for comparisons and statisticalanalysis. There are various statistical methods that can be used in the analysis of surveydata, such as descriptive and inferential statistics. The results from the survey dataanalysis can be presented in graphs like bar charts, pie charts, histograms, etc [Neuman,2014]. In order to ease the analysis process, Google Forms provides a summary ofthe answers by question in the form of text and graphs depending on the type of question.
The survey was completed by 9 respondents. The personal details section providesinformation on the background of the participants and assesses their familiarity withOBSURV.
Occupation

All the participants come from different areas of occupation. Two of them are advisersfor AM for civil structures. The rest of the target group are specialists in the fields ofwaterway construction, civil engineering, 3D development, business development, andconsultancy (see Table 6.1). Additionally, the product manager of OBSURV completedthe survey as well.
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Table 6.1: Occupation field of the participants in the survey.

Occupation Fields Responses

Asset Management Civil Structures 2Waterway Construction 1Infrastructure Design 1Civil Engineering 13D / VR Development 1Business Development 1Consultancy 1Product Management 1
Familiarity with OBSURV

The pie chart in Figure 6.2 illustrates the familiarity of the respondents with OBSURVexpressed in percentage terms. It is clear from the graph that all the participants knowthe web application. The majority of them are very familiar with it, as they presumablyuse it on a daily basis. Nearly a third of the respondents are acquainted with OBSURV,but have never used it before. Around 11% said that they used the Web GIS severaltimes.

Figure 6.2: Pie chart showing the familiarity of the participants with OBSURV.
Navigation around the 3D viewer

The usability testing in the next questionnaire section aims to assess the functionaloperability of the 3D prototype. All the respondents shared the same opinion thatnavigating around the 3D viewer is easy and intuitive.
Grading of the 3D viewer features

The participants graded the functionalities provided in the 3D prototype very differently.The stacked bar chart presented in Figure 6.3 shows the features in the 3D viewer onthe horizontal axis and the number of respondents on the vertical axis. The designatedmeans of grading is a standard 5 tier scale ranging from poor to excellent. The sorting ofthe features in the graph is based on the overall score consisting of the sum of responsesfor each grade level multiplied by a weight factor from 1 to 5, in a high to low order.
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Figure 6.3: Bar chart showing the grades of the 3D viewer functionalities given by the participants.
The functionality with the highest ranking based on the calculated overall score isthe condition visualization, receiving 7 grades of very good and 2 grades of excellent.Following in second place is the layer switcher with all the participants grading it as verygood. The legend, object selection, information tab, and change detection functionalitiesreceived good or very good grades from the respondents. The animation and base mapwere graded relatively good with the exception of 2 people who assessed the featuresas fair. The details of the calculated overall score are provided in Table 6.2 below.

Table 6.2: Calculation of the overall score of the functionalities of the 3D prototype.
Feature Poor Fair Good Very Good Excellent Score

N × 1 N × 2 N × 3 N × 4 N × 5

ConditionVisualization 0 0 3 24 10 37LayerSwitcher 0 0 3 32 0 35

Legend 0 0 6 28 0 34ObjectSelection 0 0 9 24 0 33InformationTab 0 0 9 24 0 33ChangeDetection 0 2 12 12 5 31

Animation 0 4 9 12 5 30

Base Map 0 4 9 16 0 29

Most useful functionality of the 3D prototype

The pie chart in Figure 6.4 shows which functionality implemented in the 3D viewer isthe most useful one according to the participants. As expected from the overall scores ofthe features, visualizing the condition of the distinct bridge elements is highly valued bythe vast majority of respondents. The change detection tool and the animation functionsare marked as the most useful features by two of the participants.
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Figure 6.4: Pie chart showing the most useful functionality of the 3D viewer according to theparticipants.
Main usability issues of the 3D prototype

Afterwards, the respondents gave their opinion on the main usability issue of the 3Dprototype. The participants exposed diverse problems related to semantic 3D modelsand the operability of the 3D viewer:
• Lack of BIM models of infrastructure assets in the public institutions, which makesthe collection of 3D data more difficult
• Rendering of multiple 3D objects in OBSURV due to the large size of BIM models,which can affect the performance of the application
• Visualizing the bridge elements, as the majority of NEN inspections are done onthe object components level
• Not enough information about the objects and their inspections available, whichlimits the usability of the 3D prototype

Further improvements

In the end of the 3D prototype evaluation the participants were asked to give suggestionsfor further improvements, which can be used for the implementation of the prototype inthe near future. The proposed enhancements are related to the UX and technical featuresthat should be developed:
• Replacing the condition score with risk analysis to provide more information aboutthe condition of the civil structure and its components
• Adding more electromechanical components of the civil structure to enable betterdata management of all object components
• Combining maintenance with design data to link data available in distinct LCAMphases
• Switching between maintenance status visualized in different colours and normalview of the initial BIM model in gray colour for concrete, brown for wooden mate-rials, etc
• Using larger infrastructure models of roads and railways to use the BIM modelsalso for the construction and engineering LCAM phases
• Placement in 3D Google Maps for more sophisticated data representation
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• Graphical improvements, e.g. making the objects more transparent when anotherone is selected by the user and adding a time slider for better representation ofthe change detection of the object elements in the information tab

6.3 discussion
The BIM-GIS integration is still a relatively new topic in the Geomatics field. One ofthe main reasons for the deployment of detailed building and construction data in GISsystems is the lack of spatial analysis capabilities in BIM, which can be compensated bythe diversity of spatial relationships between topographic objects in GIS. In that sense,the integration can enhance the current practice of data sharing between the tools usedin the LCAM processes. Nevertheless, the BIM and GIS systems are incompatible withregard to the modelling environment and reference systems, e.g. the spatial data aregeoreferenced and the BIM models are created based on a local coordinate system[Karan et al., 2015].
A considerable problem in the research was the collection of BIM models. As theBIM technology has become more popular just recently, the municipalities are stillmigrating towards 3D design and modelling. Thus, there are not so many BIM modelsof infrastructure assets available within the public institutions, which makes the dataacquisition difficult. It is expected that BIM processes will be fully integrated in thework procedure in the near future and it will be easier to obtain semantically rich 3Ddata for LCAM.
Due to the variety of BIM modelling platforms, the design techniques in the BIMtechnology differ significantly. The BIM professionals are usually free to choose theapproach how to build BIM models and which software package to use. As a result, itis rather difficult to find consistent 3D data and process it accordingly. Ultimately, thedeveloped 3D prototype can be used for the integration of any BIM models in WebGIS systems like OBSURV. However, the 3D models need to be processed beforehandbecause of the inconsistent data sources.
The BIM decomposition focuses on the object elements, which limits the functionality ofthe 3D prototype. As stated in Section 2.1, most NEN 2767-4 inspections are done onobject components for more realistic estimation of their condition. Thus, it is advisableto process the BIM model in such a manner that the distinct building parts of an objectelement can be clearly identified to allow the users to view and edit more detaileddata of their assets. Furthermore, the decomposition of the assets on components levelwill enhance the visualization and usability of the BIM models, and enable the assetmanagers to manage their data more efficiently.
In the context of the BIM decomposition, the structure of the initial 3D model is anothertopic for consideration. Not all elements of movable bridges specified in the NEN2767-4 standards were included in the provided BIM model, e.g. the fence and someelectromechanical parts of the bridge were missing. Therefore, only a few elementscould be used in the decomposition and visualized in the 3D viewer.
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The WebGL framework used for representing the BIM model proved to be suitable tomeet the major user preferences. Three.js offers fast and straightforward rendering ofinteractive 3D models. However, the developed 3D prototype differs significantly fromthe majority of sample applications, which visualize relatively simple 3D objects withbasic functionalities and are not customised with additional HTML and CSS content.Furthermore, the majority of applications based on Three.js are standalone and notembedded within existing applications, which posed challenges to the integration of the3D viewer in OBSURV.
The limitation of Three.js is the lack of georeferencing tools, for which a suitablesolution should be found in case of integration of BIM models in GIS systems. Thisproblem can be solved by using iTowns created for visualizing geospatial data, but itis uncertain if the library handles OBJ files and supports the functionalities of the 3Dviewer required by the stakeholders.
Two different methods for georeferencing the BIM model were presented in thisresearch. The first approach uses the geographic coordinates of three reference pointsof Koninginnebrug to construct a transformation matrix, which modifies the rotation andposition of the BIM model. However, the 3D model was not georeferenced properly,because the reference points could not be identified in the BIM model. The otherapproach utilises a transformation tool provided in CloudCompare, which automaticallygenerates a transformation matrix. For that purpose, a WMS image of the area ofinterest in Rotterdam is loaded in the software and the 3D model is translated to fitthe image. The rotation of the BIM model is done manually, which is error-prone dueto the approximation of the exact position of the bridge in the real world. Therefore,further research on the automation of the transformation process is required.
Another point of discussion is the performance of the developed 3D prototype. Per-formance is of great importance, as it plays a major role for the applications to runsmoothly and meet the user preferences. Current web services are characterised by alarge number of concurrent requests and huge data transmission, which requires complexcomputation for satisfactory performance [Tu et al., 2004]. The key measurements ina software performance are the response time and space memory due to their directimpact on the end users [Yang et al., 2011].
It has been estimated that an acceptable waiting time for a web response is about 8seconds [Yang et al., 2011]. This time frame is very limited for the visualization of BIMmodels in Web GIS. Although the 3D model of Koninginnebrug is not as large as othermore complex BIM models, the average time it takes to load all bridge elements is 20seconds. This can be associated with the internet bandwidth - a higher bandwidthcan increase the number of requests handled per second [Loechel and Schmid, 2012].Thus, it is advisable to use broadband internet connection, which is stronger than thewireless connection.
The slow web environment can also be linked to memory problems. The memory isa complex function of the server, network, and client, which can cause multifacetedproblems in the application performance [Yang et al., 2011]. In case of the integrationof a single BIM model, no memory issues were indicated. However, the 3D prototypewill eventually be implemented in the next few years and more 3D models will be
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incorporated. Therefore, a better data storage strategy is required. Currently, all OBJfiles are stored on the server, but it is also possible to store them in the Oracle databaseby using CLOB or BLOB data types for handling large objects.



7 C O N C L U S I O N S A N D F U T U R E W O R K
This chapter summarises the findings of the conducted study and provides suggestionsfor future research. The objective of this project is to study the integration of BIMmodels in a Web GIS for public space management by solving issues related to thecollection, processing, and web visualization of semantic 3D models. As a result, a 3Dprototype is developed to improve the current data representation and support dynamicdecision-making processes in the maintenance phase of LCAM.
7.1 conclusions
The research covers a wide range of processes to achieve the desired goal and seeksto answer the research questions presented in Section 1.2. Below there is a summaryof the answers to these questions. More detailed information about the procedures isprovided in Sections 2.1, 3.1, 4.2, and 5.2.

1. What is the current state of data visualization in LCAM and how can it be im-proved?Currently, the systems in LCAM are based on 2D data, which are represented inthe form of tables, reports, and thematic maps. This enables the asset managers toperform basic tasks like adding and deleting objects, and updating their attributes.However, it limits the visualization of complex infrastructure assets, such as civilstructures. Therefore, semantically rich models can improve the management ofthese assets by providing detailed and more realistic representations that areeasy to interpret by diverse stakeholders. BIM is a widespread technology forsemantic 3D modelling, which has already been incorporated in the planning andconstruction LCAM phases to expand and refine the design techniques. Thesemodels can be preserved and processed for the asset maintenance and operationto allow for a more integrated workflow in LCAM.
2. What are the requirements for the development of the 3D prototype?It is important to define the services that the system must provide to fulfil the userpreferences in order to determine the objective of the prototype. The requirementsfor the design and functional capabilities of the 3D prototype were specified bydifferent stakeholders involved in the project.

BIM models were chosen as data source for integration in the Web GIS system dueto their high level of detail and accuracy, as well as ability to manage the entireasset life cycle. In view of the research scope, it is necessary to acquire a BIMmodel of a bridge in Rotterdam and process it accordingly to comply with the NEN2767-4 standards for inspection and maintenance. For easier distinction from the2D view, it is essential to visualize the 3D model in a 3D viewer integrated inOBSURV and link it to its corresponding 2D object.
69
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In addition, it is advisable to assign different colours to the distinct bridge elementsbased on the inspection data to represent their current condition. Adding a legendto illustrate the meaning of these colours is desirable for a better understandingof the condition scores.
It is important to allow the user to be able to select the elements in the BIMmodel and see relevant information about them in the 3D viewer to make the 3Dprototype more user-friendly.
A base map can be integrated in the 3D viewer to enhance the visualization ofthe assets in the context of their surrounding environment. For that purpose, theBIM model needs to be georeferenced to align with the base layer. This canbe achieved by using a transformation matrix that rotates and translates the 3Dmodel to the right position on the map.
In terms of interactive animation, the rotation, zooming and panning are standardfunctionalities to implement for a better navigation of the view port. These can beexpanded with an explode function to separate the model into pieces and improvethe visibility of the distinct parts.
Furthermore, a switcher can be incorporated in the UI to allow the users to controlthe visibility of the bridge elements. In order to track the changes in the conditionof the bridge elements, it is desirable to show the results of previous inspectionsin the 3D viewer by adjusting the BIM model appearance.
To achieve all the prerequisites, it is necessary to find a suitable technologyfor development of the 3D prototype. WebGL is used for the rendering of theBIM model, as it can be easily integrated in existing web applications due toits compatibility with all modern web browsers. At the end of the developmentprocess, the prototype should be tested by several users or experts in the AM andBIM field to assess its usability and determine whether it meets the predefinedrequirements.

3. How can 3D BIM models be processed for effective utilisation in condition moni-toring?Due to the variety of design techniques in the BIM technology, the composition ofthe 3D models does not always follow specific standards. In order to be utilisedfor condition monitoring, the BIM models should be processed according to thenational standards for inspection and maintenance. In the Netherlands, the NEN2767-4 standards are used to inspect different infrastructure assets like roads,green areas, bridges, tunnels, ports, sewage systems, etc. The standards definethree separate levels for the composition of each asset: object, object elements,and object components. Thus, the provided BIM model needed to be decomposedaccordingly to correspond to this structure. In this research, the 3D model de-composition was performed in the same BIM design platform, which was used forthe model creation - Autodesk Inventor. The platform provides simplification andgrouping tools to combine or split some parts and obtain the correct elements, asspecified in the NEN standards.
4. How can 3D BIM models be integrated in a Web GIS?The 3D prototype was developed based on a WebGL for easier access without theuse of any plug-ins. Three.js is a JavaScript library for rendering interactive 3D
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graphics and animations, which allows the visualization of complex BIM modelsand easy customisation of the HTML and CSS context.
The BIM model was integrated in a collapsible page in the Web GIS for clearerdistinction between the 2D and 3D view. The page was linked to a table with therecords of the public infrastructure assets to make the 3D viewer visible when anobject in the table is selected. In order to render the BIM model in the 3D viewer,it was necessary to find a suitable format supported by Three.js. Wavefront OBJwas chosen due to its extensive use in web rendering and additional functionsimplemented in Three.js.
For representing the current condition of the bridge elements, the objects in the3D model were coloured according to the scores asigned to them during the NEN2767-4 inspections and a legend was added to the 3D viewer to show the scoreranking.
An information tab was created to show relevant information about the selectedobject extracted from the database and to visualize the changes in the condition inthe form of a time line. The tab was made visible only, when a particular elementis selected by the user. The functionality allows the asset managers to view theinspection results in a more user-friendly and interactive way than the tabularrepresentation.
There are several possibilities to integrate a base map in the 3D viewer. A sim-ple 2D overview map can be added to the WebGL renderer as a background byusing web mapping tools like Leaflet, OpenLayers, and Mapbox. However, a largemap can affect the performance of the web application and does not enable thevisualization of subsurface objects. Therefore, a ground plane was added belowthe BIM model and an image of the surrounding area was attached to the plane.The image was obtained by using the WMS service to request a topographic mapfrom the PDOK server, the Dutch central facility for geospatial data. In addition,a toggle button can be added to allow the users to switch the base layer on andoff. In order to align the BIM model with the ground plane, it was necessary togeoreference the 3D model by applying a transformation matrix to it.
Two different approaches for georeferencing were presented in this research. Thefirst method uses the geographic coordinates of three reference points of the bridgeto construct a rotation and translation matrix. Nevertheless, the 3D model wasnot georeferenced properly, because the reference points could not be identified inthe BIM model. The other approach utilises a transformation matrix generated byCloudCompare to determine the correct position and rotation of the 3D model. Thetranslation of the BIM model is done by fitting the model in the WMS image ofthe area of interest and the rotation was performed manually. The latter approachsuccessfully located the 3D model on the ground plane.
Three.js has a built-in functionality for the basic animation functions like rotation,zooming and panning that uses orbit controls to allow the camera to move arounda target in the scene.
A switcher was incorporated to control the appearance of the layers in the 3Dviewer and allow the user to decide which elements should be investigated. Theswitcher can be represented as a set of check boxes for easier reference to the 3Dobjects.
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A change detection functionality was implemented to show the conditions of thebridge elements over time and udpdate the colours of the BIM model based on thechosen inspection year.

7.2 contribution to geomatics
Geomatics is an applied science that involves the acquisition, modelling, analysis,management, and visualization of geographic information with the aim to betterunderstand built and natural environments, and solve real-world problems.
This research addresses a popular topic in the Geomatics field and presents a possiblesolution to overcome the issues associated with the integration of BIM models in GIS sys-tems. A sample 3D interface is created for the visualization of BIM models for conditionmonitoring based on the requirements of different experts in the AM field. In addition,the study presents a method for the decomposition of BIM models by using a well-knownplatform for BIM modelling, Autodesk Inventor. Furthermore, the research focuses onthe use of the Three.js as one of the most popular WebGL technologies for renderingcomplex 3D models. As Three.js is not intended for visualization of geospatial data, asolution for the integration of a base map and georeferencing of BIM models is provided.
The majority of researches related to the BIM-GIS integration investigate the represen-tation of 3D models of buildings, which is significantly different from this project thatfocuses on the management and visualization of distinct public infrastructure assets toimprove the decision making in LCAM.
7.3 future work
Due to the limited time of this project, not all the requirements regarding the function-alities of the 3D prototype are met. Therefore, several suggestions for future researchare presented below.
In terms of data selection, the functionality to add or update the records of the NEN2767-4 inspections in the information tab in the 3D viewer needs to be implemented.In order to make the 3D viewer more user-friendly and interactive, it is important toallow the users to enter or modify the inspection data directly in the viewer and see theresults immediately in the BIM model. Furthermore, a solution needs to be found forthe explode function, which is crucial for a sophisticated visualization of the distinct el-ements in the BIM models, but not implemented in the prototype due to time constraints.
The 3D prototype was developed mainly for bridges due to their structure complexity.It is necessary to investigate which other public infrastructure assets are suitable for3D visualization and which are the most appropriate sources of 3D geoinformation forthem. It is expected that benches, lampposts, roads, green areas and playgrounds canalso be represented in 3D for better data management. BIM models are beneficial forthe visualization of civil structures and LiDAR point clouds can represent large scale
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areas for a better overview of their surroundings.
The proposed decomposition approach focuses on the grouping of distinct componentsto obtain new elements and does not change their geometry. Therefore, all decomposedelements are provided in the same LOD. In case more BIM models are integratedin OBSURV, the 3D models need to be generalised by decreasing the LOD in orderto reduce the file size. Then, it is more useful to represent the elements in differentLODs depending on their importance for the infrastructure assets. For instance, smallerelements like the span locks are essential for the opening and closing of movablebridges and more vulnerable to damages than other bridge elements, and thus, theycan be represented in a higher LOD.
A significant gap in the proposed approach for the BIM integration in Web GIS is thelack of connection between the 3D viewer and the design platform where the 3D modelhas been created., i.e. the changes in the 3D model made in the BIM design platformare not automatically updated in OBSURV. In case some object components are addedor deleted, the decomposition of the BIM model needs to be performed manually. Thisissue needs to be solved, as it causes double work within the integration process.
For the further implementation of the 3D prototype, it is advisable to include riskanalysis that provides more detailed information about the condition of the civil structureand its components. This gives a better estimation of the overall asset condition andcan be used to make predictions about any possible damages in the future based onthe historical inspection data.
In order to link the design and planning phases to the asset maintenance and operation,it is useful to show design information about each element in the 3D model, whichis extracted from the initial BIM model or any other data sources. This informationcontains the structure and material of the elements and gives a better insight for themaintenance planning.
The BIM-GIS integration is a major topic in the field of geospatial technology andconstruction. Currently, there are no official standards on procedures for integratingBIM models in existing GIS systems, which makes this research and similar onesmore difficult. The major challenge is related to the missing geographic context of theBIM models, which can be overcome by georeferencing the models. Therefore, furtherinvestigation on the georeferencing techniques is required, as none of the existingmethods seems to be truly successful.
In the future, the developed 3D prototype can be expanded by adding AR to improvethe visualization and user interaction with the BIM model. The users can benefit fromthe AR technology, as they are able to view the surface and subsurface elements of thepublic infrastructure assets in the provided geographic context.
Should the prototype be put into operation and the suggestions from this section aretaken into account, then this would significantly improve the condition monitoring ofinfrastructure assets and ease their maintenance planning.
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D H T M L , C S S A N D J AVA S C R I P T C O D E S

Listing D.1: HTML code of the 3D viewer configuration1 <!DOCTYPE html>2 <html>3 <head>4 <meta charset="UTF-8"/>5 <link href="3dviewer.css">6 <link href="https://maxcdn.bootstrapcdn.com/bootstrap/4.1.3/css/bootstrap.min.css">7 <link href="https://maxcdn.bootstrapcdn.com/font-awesome/4.6.1/css/font-awesome.min.css">8 <link href="https://fonts.googleapis.com/icon?family=Material+Icons">9 <link href="https://code.jquery.com/ui/1.12.1/themes/base/jquery-ui.css">10 <link href="https://code.jquery.com/ui/1.12.1/themes/smoothness/jquery-ui.css">11 <link href="https://code.jquery.com/ui/1.10.4/themes/flick/jquery-ui.css">12 </head>13 <body>14 <div id="grid">15 <div class="openLegend"><i class="material-icons">dvr</i></div>16 <div class="closeLegend"><i class="material-icons">dvr</i></div>17 <div class="openSwitcher"><i class="material-icons">layers</i></div>18 <div class="closeSwitcher"><i class="material-icons">layers</i></div>19 <div class="openHistory"><i class="material-icons" id="icon1">query_builder</i></div>20 <div class="closeHistory"><i class="material-icons" id="icon1">query_builder</i></div>21 <div class="tabLegend">22 <div class="panel-heading"><h4 class="panel-title"><span class="material-icons">dvr</span>

Legenda</h4></div>23 <div id="tab1">24 <div class="panel-body">25 <table>26 <tr><td class="inputrows" id="i1"><div id="first"></div></td><td><input type="text"

class="status" id="color1" value="1 - Uitstekende conditie"></td></tr>27 <tr><td class="inputrows"><div id="second"></div></td><td><input type="text" class="

status" id="color2" value="2 - Goede conditie"></td></tr>28 <tr><td class="inputrows"><div id="third"></div></td><td><input type="text" class="

status" id="color3" value="3 - Redelijke conditie"></td></tr>29 <tr><td class="inputrows"><div id="fourth"></div></td><td><input type="text" class="

status" id="color4" value="4 - Matige conditie"></td></tr>30 <tr><td class="inputrows"><div id="fifth"></div></td><td><input type="text" class="

status" id="color5" value="5 - Slechte conditie"></td></tr>31 <tr><td class="inputrows" id="i6"><div id="sixth"></div></td><td><input type="text"

class="status" id="color6" value="6 - Zeer slechte conditie"></td></tr>32 </table>33 </div>34 </div>35 </div>36 </div>37 <div class="tabSwitcher">38 <div class="panel-heading"><h4 class="panel-title"><span class="material-icons">layers</span>

Switcher</h4></div>39 <div id="tab2">40 <div class="panel-body">41 <form>42 <fieldset>
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43 <div class="content">44 <div>45 <label class="elements">Kerende constructie46 <input type="checkbox" class="models" onclick="showObject()" checked>47 <span class="checkmark"></span>48 </label>49 </div>50 <div>51 <label class="elements">Steunpunt52 <input type="checkbox" class="models" onclick="showObject()" checked>53 <span class="checkmark"></span>54 </label>55 </div>56 <div>57 <label class="elements">Hoofddraagconstructie58 <input type="checkbox" class="models" onclick="showObject()" checked>59 <span class="checkmark"></span>60 </label>61 </div>62 <div>63 <label class="elements">Aandrijving en bewegingswerk64 <input type="checkbox" class="models" onclick="showObject()" checked>65 <span class="checkmark"></span>66 </label>67 </div>68 </div>69 </fieldset>70 </form>71 </div>72 </div>73 </div>74 </div>75 <div class="tabHistory">76 <div class="panel-heading"><h4 class="panel-title"><span class="material-icons" id="icon1">

query_builder</span>Geschiedenis</h4></div>77 <div id="tab3">78 <div class="panel-body">79 <form>80 <fieldset>81 <div class="content">82 <div>83 <label class="years">201284 <input type="radio" name="condition" id="cng1" onclick="showHistory()" checked>85 <span class="checkmark"></span>86 </label>87 </div>88 <div>89 <label class="years">200790 <input type="radio" name="condition" id="cng2" onclick="showHistory()">91 <span class="checkmark"></span>92 </label>93 </div>94 <div>95 <label class="years">200296 <input type="radio" name="condition" id="cng3" onclick="showHistory()">97 <span class="checkmark"></span>98 </label>99 </div>100 </div>101 </fieldset>102 </form>103 </div>
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104 </div>105 </div>106 </div>107 <div>108 <label class="toggleSwitch">109 <input type="checkbox" onclick="showGround()" checked>110 <span class="slider round"></span>111 </label>112 </div>113 <div id="info">114 <table id="table1">115 <p class="header"><span class="fa fa-info-circle" id="icon3"></span>Details<br style="clear:

both;"/></p>116 <tr><td class="inputrows" id="first">Beheerobject</td><td><input type="text" id="beheerobj">

</td></tr>117 <tr><td class="inputrows">Vakdiscipline</td><td><input type="text" id="discipline"></td></tr>118 <tr><td class="inputrows">Element</td><td><input type="text" id="element"></td></tr>119 <tr><td class="inputrows">Inspectiedatum</td><td><input type="text" id="inspdate"></td></tr>120 <tr><td class="inputrows">Inspecteur</td><td><input type="text" id="inspector"></td></tr>121 <tr><td class="inputrows">Opmerkingen</td><td><input type="text" id="notes"></td></tr>122 </table>123 <table id="table2">124 <tr><td id="year3"><p class="scores" id="score3"></p></td><td id="year2"><p class="scores"

id="score2"></p> </td><td id="year1"><p class="scores" id="score1"></p></td></tr>125 </table>126 <div id="line"></div>127 <table id="table3">128 <tr><td id="label3">2002</td><td id="label2">2007</td><td id="label1">2012</td></tr>129 </table>130 </div>131 <div class="progress">132 <div class="progress-bar progress-bar-striped progress-bar-animated" style="width:0%"></div>133 </div>134 <div id="webgl"><div>135 </div>136 <script src="3dviewer.js"></script>137 <script src="three.js"></script>138 <script src="OrbitControls.js"></script>139 <script src="MTLLoader.js"></script>140 <script src="OBJLoader.js"></script>141 <script src="https://ajax.googleapis.com/ajax/libs/jquery/3.3.1/jquery.min.js"></script>142 <script src="https://maxcdn.bootstrapcdn.com/bootstrap/4.1.3/js/bootstrap.min.js"></script>143 <script src="https://cdnjs.cloudflare.com/ajax/libs/popper.js/1.14.3/umd/popper.min.js"></script>144 </body>145 </html>

Listing D.2: CSS styling of the 3D viewer configuration1 body {2 margin: 0 auto;3 padding: 0 auto;4 overflow: hidden;5 }67 #grid {8 position: relative;9 width: auto;10 height: 592px;11 margin: 0 auto;12 padding: 0 auto;13 }
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1415 .openLegend,16 .closeLegend,17 .openSwitcher,18 .closeSwitcher,19 .openHistory,20 .closeHistory {21 display: block;22 position: absolute;23 z-index: 3;24 width: 36px;25 height: 36px;26 top: 10px;27 background-color: #F5F5F5;28 background-clip: padding-box;29 color: #2196F3;30 border: 1px solid #DDD;31 border-radius: 4px;32 -moz-border-radius: 4px;33 opacity: .9;34 filter: alpha(opacity=.9);35 cursor: pointer;36 }3738 .openLegend,39 .closeLegend {40 left: 12px;41 }4243 .openSwitcher,44 .closeSwitcher {45 left: 56px;46 }4748 .openHistory,49 .closeHistory {50 left: 102px;51 }5253 .closeLegend,54 .closeSwitcher,55 .closeHistory {56 display: none;57 }5859 .openLegend > i,60 .closeLegend > i,61 .openSwitcher > i,62 .closeSwitcher > i,63 .openHistory > i,64 .closeHistory > i,65 .openLegend > i:focus,66 .closeLegend > i:focus,67 .openSwitcher > i:focus,68 .closeSwitcher > i:focus,69 .closeHistory > i:focus,70 .openHistory > i:focus,71 .openLegend > i:hover,72 .closeLegend > i:hover,73 .openSwitcher > i:hover,74 .closeSwitcher > i:hover,75 .openHistory > i:hover,
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76 .closeHistory > i:hover {77 margin-top: 8px;78 margin-left: 8px;79 font-size: 1.9rem;80 color: #2196F3;81 }8283 .panel-body {84 padding: 0 !important;85 margin: 0 !important;86 }8788 .panel-heading {89 height: 36px;90 margin: 0 !important;91 padding: 0 !important;92 font-weight: 610px;93 }9495 .panel-heading .material-icons {96 margin-right: 8px;97 vertical-align: middle;98 line-height: 1.75;99 text-transform: none;100 }101102 .panel-heading h4 {103 margin-top: 0.1em;104 margin-left: 0.002em;105 }106107 .panel-title {108 height: 36px;109 margin: 0 !important;110 padding-left: 10px;111 background-color: #F5F5F5;112 color: #2196F3;113 border-color: #DDDDDD;114 border-width: 1px;115 line-height: 1.5;116 }117118 .material-icons {119 margin-top: -3px;120 }121122 .tabLegend,123 .tabSwitcher,124 .tabHistory {125 display: none;126 position: absolute;127 z-index: 3;128 width: 215px;129 top: 10px;130 left: 10px;131 margin: 0 !important;132 padding: 0 !important;133 background-color: white;134 background-clip: padding-box;135 border: 1px solid #DDD;136 border-radius: 4px;137 -moz-border-radius: 4px;
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138 box-shadow: 0 6px 12px rgba(0,0,0,.175);139 -webkit-box-shadow: 0 6px 12px rgba(0,0,0,.175);140 -moz-box-shadow: 0 6px 12px rgba(0,0,0,.175);141 opacity: .9;142 filter: alpha(opacity=.9);143 }144145 #tab1 table {146 width: 170px;147 margin: 3.5px 0px 4px 0px;148 }149150 #tab1 td {151 padding-top: 3px;152 padding-bottom: 3px;153 }154155 #tab1 .inputrows {156 text-align: left;157 width: 10%;158 padding-right: 8px;159 padding-left: 12px;160 }161162 #tab1 #first, #second, #third, #fourth, #fifth, #sixth {163 float: left;164 margin: 0 auto;165 padding-top: 0px;166 padding-right: 5px;167 width: 18px;168 height: 18px;169 }170171 #tab1 #first {172 background: #2FC02F;173 }174175 #tab1 #second {176 background: #9ACD32;177 }178179 #tab1 #third {180 background: #FFDF00;181 }182183 #tab1 #fourth {184 background: #FF8C00;185 }186187 #tab1 #fifth {188 background: #FF0000;189 }190191 #tab1 #sixth {192 background: #CC0000;193 }194195 #tab1 #color1, #color2, #color3, #color4, #color5, #color6 {196 width: 160px;197 height: 25px;198 font-size: 1.2rem;199 border: none;
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200 }201202 #tab2 label,203 #tab3 label {204 display: block;205 margin-top: 10px;206 margin-bottom: 10px;207 font-size: 1.2rem;208 }209210 .content {211 padding-right: 5px;212 padding-left: 12px;213 }214215 .elements,216 .years {217 position: relative;218 margin-bottom: 12px;219 padding-left: 30px;220 font-weight: normal;221 -webkit-user-select: none;222 -moz-user-select: none;223 -ms-user-select: none;224 user-select: none;225 cursor: pointer;226 }227228 .elements input,229 .years input {230 position: absolute;231 opacity: 0;232 cursor: pointer;233 }234235 .elements .checkmark,236 .years .checkmark {237 position: absolute;238 width: 18px;239 height: 18px;240 top: 0;241 left: 0;242 background-color: #eee;243 }244245 .elements input:checked ~ .checkmark,246 .years input:checked ~ .checkmark {247 background-color: #2196F3;248 }249250 .elements .checkmark:after,251 .years .checkmark:after {252 content: "";253 position: absolute;254 display: none;255 }256257 .elements input:checked ~ .checkmark:after,258 .years input:checked ~ .checkmark:after {259 display: block;260 }261
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262 .elements .checkmark:after,263 .years .checkmark:after {264 width: 5.5px;265 height: 9px;266 left: 6.4px;267 top: 3.5px;268 border: solid white;269 border-width: 0 3px 3px 0;270 -webkit-transform: rotate(45deg);271 -ms-transform: rotate(45deg);272 transform: rotate(45deg);273 }274275 .toggleSwitch {276 display: inline-block;277 position: absolute;278 width: 50px;279 height: 30px;280 z-index: 4;281 top: 11px;282 left: 48.5%;283 right: 48.5%;284 }285286 .toggleSwitch input {287 display: none;288 width: 0;289 height: 0;290 opacity: 0;291 }292293 .slider {294 position: absolute;295 top: 0;296 left: 0;297 right: 0;298 bottom: 0;299 background-color: #ccc;300 -webkit-transition: .4s;301 transition: .4s;302 cursor: pointer;303 }304305 .slider:before {306 content: "";307 position: absolute;308 width: 21.6px;309 height: 21.6px;310 left: 3.4px;311 bottom: 4px;312 background-color: white;313 -webkit-transition: .4s;314 transition: .4s;315 }316317 input:checked + .slider {318 background-color: #2196F3;319 }320321 input:focus + .slider {322 box-shadow: 0 0 1px #2196F3;323 }
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324325 input:checked + .slider:before {326 -webkit-transform: translateX(21.6px);327 -ms-transform: translateX(21.6px);328 transform: translateX(21.6px);329 }330331 .slider.round {332 border-radius: 34px;333 }334335 .slider.round:before {336 border-radius: 50%;337 }338339 #info {340 display: none;341 position: absolute;342 z-index: 3;343 width: auto;344 height: 335px;345 top: 12px;346 right: 12px;347 margin: 0 !important;348 padding: 0 !important;349 background-color: white;350 background-clip: padding-box;351 border: 1px solid #ddd;352 border-radius: 4px;353 -moz-border-radius: 4px;354 box-shadow: 0 6px 12px rgba(0,0,0,.175);355 -webkit-box-shadow: 0 6px 12px rgba(0,0,0,.175);356 -moz-box-shadow: 0 6px 12px rgba(0,0,0,.175);357 opacity: .9;358 filter: alpha(opacity=.9);359 }360361 #info table {362 width: 240px;363 margin: 0px 5px 0px 0px;364 padding: 0 !important;365 }366367 #info .inputrows {368 width: 10%;369 margin-bottom: 5px;370 padding-right: 9px;371 padding-left: 8.5px;372 text-align: right;373 font-size: 1.2rem;374 }375376 #info #first {377 padding-top: 5px;378 }379380 #info #discipline, #beheerobj, #element, #inspdate, #inspector, #notes {381 width: 136px;382 height: auto;383 margin-top: 5px;384 margin-bottom: 5px;385 padding: 2px 5px 2px 5px;
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386 font-size: 1.16rem;387 }388389 #info #beheerobj {390 margin-top: 9px;391 }392393 #info #table2 {394 width: 210px;395 margin-left: 25px;396 }397398 #info #table2 td {399 width: 15px;400 height: 15px;401 margin: 0 !important;402 padding-top: 5px;403 }404405 #info #table2 #year3 {406 padding-left: 20px;407 padding-right: 2px;408 }409410 #info #table2 #year2 {411 padding-right: 9.5px;412 }413414 #info #table2 #year1 {415 padding-right: 15px;416 }417418 #info #table3 {419 width: 210px;420 margin-left: 30px;421 }422423 #info #table3 td {424 margin: 0 !important;425 padding-top: 1px;426 font-size: 1.1rem;427 }428429 #info #table3 #label3 {430 padding-left: 14.5px;431 padding-right: 2.8px;432 }433434 #info #table3 #label2 {435 padding-right: 7.9px;436 }437438 #info #table3 #label1 {439 padding-right: 15px;440 }441442 #info .scores {443 position: relative;444 width: 12px;445 height: 12px;446 margin: 0 !important;447 padding: 12px;
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448 background: #f3961c;449 background: linear-gradient(top, #f9d835, #f3961c);450 border: 2px solid grey;451 border-radius: 3.5px;452 }453454 #info .scores:after {455 content: "";456 display: block;457 position: absolute;458 width: 0;459 left: 6.2px;460 bottom: -8px;461 border-width: 6.9px 6.9px 0;462 border-style: solid;463 border-color: grey transparent;464 }465466467 #line {468 width: 190px;469 margin-top: 6px;470 margin-left: 24px;471 border-bottom: 1px solid grey;472 }473474 .progress {475 display: block;476 position: absolute;477 z-index: 3;478 width: 250px;479 height: 12px;480 left: 6.5px;481 bottom: 7px;482 background-color: #F5F5F5;483 background-clip: padding-box;484 border: 1px solid #DDD;485 border-radius: 5px;486 -moz-border-radius: 5px;487 box-shadow: 0 6px 12px rgba(0,0,0,.175);488 -webkit-box-shadow: 0 6px 12px rgba(0,0,0,.175);489 -moz-box-shadow: 0 6px 12px rgba(0,0,0,.175);490 opacity: .9;491 filter: alpha(opacity=.9);492 }493494 .progress-bar {495 z-index: 3;496 width: 250px;497 height: 12px;498 left: 6.5px;499 bottom: 7px;500 background-color: #2196F3;501 background-clip: padding-box;502 border: none;503 border-radius: 5px;504 -moz-border-radius: 5px;505 box-shadow: 0 6px 12px rgba(0,0,0,.175);506 -webkit-box-shadow: 0 6px 12px rgba(0,0,0,.175);507 box-shadow: 0 6px 12px rgba(0,0,0,.175);508 -moz-box-shadow: 0 6px 12px rgba(0,0,0,.175);509 opacity: .9;
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510 filter: alpha(opacity=.9);511 }512513 #webgl {514 display: block;515 position: absolute;516 z-index: 1;517 width: 100% !important;518 height: 100% !important;519 margin: 0 auto;520 padding: 0 auto;521 top: 0;522 left: 0;523 }524525 :-moz-full-screen canvas {526 position: absolute;527 width: 100%;528 height: 100%;529 top: 0;530 left: 0;531 right: 0;532 bottom: 0;533 margin: auto;534 background-color: white;535 box-shadow: 0px 0px 4px white;536 }537538 #3d_viewer > .t-Region-bodyWrap > .t-Region-body {539 overflow: hidden;540 padding: 0;541 }

Listing D.3: JavaScript code of the 3D viewer configuration1 var dataId, objId;2 var id, code, files, xhr;3 var webglCanvas, canvasBounds, renderer, scene;4 var camera, light, controls;5 var manager, loader, percentComplete, info;6 var vector, raycaster, intersects, intersected1, intersected2, intersected3;7 var currentMaterial1, currentMaterial2, currentMaterial3;8 var valuesBBox, groundTexture, groundMaterial, groundLength, groundGeometry, ground;9 var wmsRequest;1011 var objects = [];1213 var index = 0;1415 var mouse = { x: 0, y: 0 };1617 $(document).on( "featureselected", function ( event, feature ) {1819 dataId = feature.get( "ID" );2021 });2223 $(document).on( "click", ".a-IRR-table tr:not( :first-of-type )", function () {2425 var isWijzigingenOk = true;26
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27 ...2829 if ( isWijzigingenOk ) {3031 $( this ).parent().find( "tr.is-selected" ).removeClass( "is-selected" );32 $( this ).addClass( "is-selected" );3334 id = $( this ).find( ".details" ).attr( "data-id" );35 code = $( this ).find( ".details" ).attr( "data-code" );3637 files = [ "/obsurv/kunstwerken/modelen/" + String(id) + "_Kerende constructie.obj",38 "/obsurv/kunstwerken/modelen/" + String(id) + "_Steunpunt.obj",39 "/obsurv/kunstwerken/modelen/" + String(id) + "_Hoofddraagconstructie.obj",40 "/obsurv/kunstwerken/modelen/" + String(id) + "_Aandrijving en bewegingswerk.obj" ];4142 files.forEach( function( file ) {4344 xhr = new XMLHttpRequest();45 xhr.fileName = file;4647 xhr.onreadystatechange = function() {4849 if ( xhr.status == 404 ) {5051 $( "#grid" ).hide();5253 } else {5455 $( "#grid" ).show();56 $( "#webgl" ).trigger( "onload" );5758 }5960 }6162 xhr.open( "GET", file, true );63 xhr.send(null);6465 });6667 init();68 animate();69 render();7071 manager = new THREE.LoadingManager();7273 manager.onProgress = function ( file, loaded, total ) {7475 percentComplete = loaded / files.length * 100;7677 $( ".progress-bar" ).width( percentComplete + "%" );7879 };8081 manager.onError = function ( file ) {8283 console.log( "Error loading " + file );8485 };8687 function loadFile ( scene, info ) {88
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89 loader = new THREE.OBJLoader( manager );90 loader.load( files[index], function( object ) {9192 object.userData.Name = files[index].split( "_" )[1].split( "." )[0];9394 /*Georeferencing approach that works if reference points can be identified in the 3D model95 coordinatesWGS = [ { lat: 51.912821, lon: 4.497943 },96 { lat: 51.913174, lon: 4.497060 },97 { lat: 51.912480, lon: 4.498700 } ];9899 coordinatesECEF0 = convertToECEF( coordinatesWGS[0].lat, coordinatesWGS[0].lon, 0 );100 coordinatesECEF1 = convertToECEF( coordinatesWGS[1].lat, coordinatesWGS[1].lon, 0 );101 coordinatesECEF2 = convertToECEF( coordinatesWGS[2].lat, coordinatesWGS[2].lon, 0 );102103 var phi = THREE.Math.degToRad( coordinatesWGS[0].lat );104 var lambda = THREE.Math.degToRad( coordinatesWGS[0].lon );105106 var shift = { x: coordinatesECEF1.x - coordinatesECEF0.x,107 y: coordinatesECEF1.y - coordinatesECEF0.y,108 z: coordinatesECEF1.z - coordinatesECEF0.z }109110 var rotationMatrix = new THREE.Matrix4();111112 rotationMatrix.set(113 - Math.sin(lambda), Math.cos(lambda), 0, 0,114 - Math.sin(phi) * Math.cos(lambda), - Math.sin(phi) * Math.sin(lambda), Math.cos(phi), 0,115 Math.cos(phi) * Math.cos(lambda), Math.cos(phi) * Math.sin(lambda), Math.sin(phi), 0,116 0, 0, 0, 1117 );118119 var translationMatrix = new THREE.Matrix4();120 translationMatrix.set(121 1, 0, 0, shift.x,122 0, 1, 0, shift.y,123 0, 0, 1, shift.z,124 0, 0, 0, 1125 );126127 object.applyMatrix( rotationMatrix.multiply( translationMatrix ) );*/128129 var transformationMatrix = new THREE.Matrix4();130 transformationMatrix.set(131 0.016862, 0.018996, 0, 93811.90625,132 -0.018996, 0.016862, 0, 436408.6875,133 0, 0, 0.0254, 0,134 0, 0, 0, 1135 );136 object.applyMatrix( transformationMatrix );137138 if ( index == 0 ) {139140 valuesBBox = makeBBox( object );141 createGround( valuesBBox, object.rotation );142143 }144145 object.up.set( 0, 0, 1 );146147 object.position.x = 0;148 object.position.y = 0;149150 object.updateMatrixWorld();
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151152 scene.add( object );153154 objects.push( object );155156 for ( var i = 0; i < objects.length; i++ ) {157158 objects[i].userData.DatabaseId = info[i].ElementID;159160 objects[i].userData.InspectionDate12 = info[i].InspDate;161 objects[i].userData.Inspector12 = info[i].Inspector;162 objects[i].userData.Score12 = info[i].Score;163164 objects[i].userData.InspectionDate07 = info[i+4].InspDate;165 objects[i].userData.Inspector07 = info[i+4].Inspector;166 objects[i].userData.Score07 = info[i+4].Score;167168 objects[i].userData.InspectionDate02 = info[i+8].InspDate;169 objects[i].userData.Inspector02 = info[i+8].Inspector;170 objects[i].userData.Score02 = info[i+8].Score;171172 objects[i].traverse( function ( child ) {173174 if ( child instanceof THREE.Mesh ) {175176 colorComponent( child, objects[i].userData.Score12 );177178 }179180 });181182 }183184 index++;185186 loadFile( scene, info );187188 });189190 }191192 function getInformation( scene ) {193194 apex.server.process( "get_information", {195196 }, {197198 loadingIndicator : $( "body"),199 loadingIndicatorPosition : "page",200 dataType : "text",201 success : function ( pData ) {202203 info = JSON.parse( pData );204205 loadFile( scene, info );206207 }208209 });210211 }212
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213 function init() {214215 $( ".openLegend" ).click( function() {216217 $( ".tabLegend" ).show( "slow" );218 $( ".openLegend" ).hide();219220 $( ".closeLegend" ).show();221 $( ".closeLegend" ).css( { "top": "10px", "left": "235px" } );222223 $( ".openSwitcher" ).hide();224 $( ".openHistory" ).hide();225226 });227228 $( ".closeLegend" ).click(function() {229230 $( ".tabLegend" ).hide( "slow" );231 $( ".closeLegend" ).hide();232233 $( ".openLegend" ).show();234 $( ".openLegend" ).css( { "top": "10px", "left": "10px" } );235236 $( ".openSwitcher" ).show();237 $( ".openSwitcher" ).css( { "top": "10px", "left": "56px" } );238239 $( ".openHistory" ).show();240 $( ".openHistory" ).css( { "top": "10px", "left": "102px" } );241242 });243244 $( ".openSwitcher" ).click( function() {245246 $( ".tabSwitcher" ).show( "slow" );247 $( ".openSwitcher" ).hide();248249 $( ".closeSwitcher" ).show();250 $( ".closeSwitcher" ).css( { "top": "10px", "left": "235px"} );251252 $( ".openLegend" ).hide();253 $( ".openHistory" ).hide();254255 });256257 $( ".closeSwitcher" ).click(function() {258259 $( ".tabSwitcher" ).hide( "slow" );260 $( ".closeSwitcher" ).hide();261262 $( ".openLegend" ).show();263 $( ".openLegend" ).css( { "top": "10px", "left": "10px" } );264265 $( ".openSwitcher" ).show();266 $( ".openSwitcher" ).css( { "top": "10px", "left": "56px" } );267268 $( ".openHistory" ).show();269 $( ".openHistory" ).css( { "top": "10px", "left": "102px" } );270271 });272273 $( ".openHistory" ).click( function() {274
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275 $( ".tabHistory" ).show( "slow" );276 $( ".openHistory" ).hide();277278 $( ".closeHistory" ).show();279 $( ".closeHistory" ).css({ "top": "10px", "left": "235px" } );280281 $( ".openLegend" ).hide();282 $( ".openSwitcher" ).hide();283284 });285286 $( ".closeHistory" ).click(function() {287288 $( ".tabHistory" ).hide( "slow" );289 $( ".closeHistory" ).hide();290291 $( ".openLegend" ).show();292 $( ".openLegend" ).css( { "top": "10px", "left": "10px" } );293294 $( ".openSwitcher" ).show();295 $( ".openSwitcher" ).css( { "top": "10px", "left": "56px" } );296297 $( ".openHistory" ).show();298 $( ".openHistory" ).css( { "top": "10px", "left": "102px" } );299300 });301302 webglCanvas = document.getElementById( "webgl" );303304 renderer = new THREE.WebGLRenderer( { antialias: true } );305 renderer.setSize( webglCanvas.clientWidth, webglCanvas.clientHeight );306 renderer.setViewport( 0, 0, webglCanvas.clientWidth, webglCanvas.clientHeight );307 renderer.setClearColor( 0xFFFFFF );308309 renderer.domElement.style.position = "absolute";310 renderer.domElement.style.zIndex = "1";311 renderer.domElement.style.top = "0";312313 webglCanvas.appendChild( renderer.domElement );314315 webglCanvas.addEventListener( "mousedown", onMouseDown );316 webglCanvas.addEventListener( "resize", onCanvasResize );317318 scene = new THREE.Scene();319320 camera = new THREE.PerspectiveCamera( 70, webglCanvas.clientWidth / webglCanvas.clientHeight, 0.1,

100000 );321 camera.up.set( 0, 0, 1 );322 camera.position.set( -5, -155, 62 );323 camera.lookAt( scene.position );324 scene.add( camera );325326 light = new THREE.AmbientLight( 0xFFFFFF, 0.9 );327 scene.add( light );328329 controls = new THREE.OrbitControls( camera );330 controls.noZoom = false;331 controls.noRotate = false;332 controls.noPan = false;333 controls.zoomSpeed = 1.2;334 controls.maxZoom = 100000;335
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336 controls.addEventListener( "change", render );337338 getInformation( scene );339340 }341342 function makeBBox( object ) {343344 var bbox = new THREE.Box3().setFromObject( object );345346 var xLength = bbox.max.x - bbox.min.x;347 var yLength = bbox.max.y - bbox.min.y;348 var zLength = bbox.max.z - bbox.min.z;349350 return { bbox, xLength, yLength };351352 }353354 function createGround( valuesBBox, objectRotation ) {355356 var xlength = valuesBBox.xLength;357 var ylength = valuesBBox.yLength;358359 /*var lengthMeters = xlength > ylength ? Math.round( xlength * 0.0254 ) : Math.round( ylength *

0.0254 );*/360 var lengthMeters = xlength > ylength ? Math.round( xlength ) : Math.round( ylength );361362 /*var centerX = 93815.2265;363 var centerY = 436409.9599;*/364 var centerX = ( valuesBBox.bbox.max.x + valuesBBox.bbox.min.x ) / 2;365 var centerY = ( valuesBBox.bbox.max.y + valuesBBox.bbox.min.y ) / 2;366367 var leftX = centerX - lengthMeters;368 var lowerY = centerY - lengthMeters;369 var rightX = centerX + lengthMeters;370 var upperY = centerY + lengthMeters;371372 var baseURL = "https://geodata.nationaalgeoregister.nl/top10nlv2/ows?SERVICE=WMS&VERSION=1.1.1&

REQUEST=GetMap&FORMAT=image/png&TRANSPARENT=true";373374 var layers = "terreinvlak,waterdeelvlak,wegdeelvlak";375 var styles = "top10nlv2:Terrein_vlak_style,top10nlv2:Waterdeel_Vlak_style,top10nlv2:

Wegdeel_Vlak_style";376377 wmsRequest = baseURL + "&STYLES=" + styles + "&LAYERS=" + layers + "&SRS=EPSG:28992&WIDTH=" + 512 + "

&HEIGHT=" + 512;378 wmsRequest += "&BBOX=" + leftX + "," + lowerY + "," + rightX + "," + upperY;379380 groundTexture = new THREE.TextureLoader().load( wmsRequest );381 groundMaterial = new THREE.MeshBasicMaterial( { map: groundTexture, transparent: true, opacity: .7 }

);382383 groundLength = xlength > ylength ? xlength * 2 : ylength * 2;384 groundGeometry = new THREE.PlaneBufferGeometry( groundLength, groundLength );385386 ground = new THREE.Mesh( groundGeometry, groundMaterial );387 ground.position.z = -1 * valuesBBox.bbox.max.z;388 ground.receiveShadow = true;389390 scene.add( ground );391392 }



html, css and javascript codes 107
393394 function onCanvasResize() {395396 renderer.setSize( webglCanvas.clientWidth, webglCanvas.clientHeight );397 renderer.setViewport( 0, 0, webglCanvas.clientWidth, webglCanvas.clientHeight );398399 camera.aspect = ( webglCanvas.clientWidth / webglCanvas.clientHeight );400 camera.updateProjectionMatrix();401402 }403404 function onMouseDown( event ) {405406 event.preventDefault();407408 canvasBounds = renderer.context.canvas.getBoundingClientRect();409410 mouse.x = ( ( event.clientX - canvasBounds.left ) / ( canvasBounds.right - canvasBounds.left) ) * 2 -

1;411 mouse.y = - ( ( event.clientY - canvasBounds.top ) / ( canvasBounds.bottom - canvasBounds.top ) ) * 2

+ 1;412413 vector = new THREE.Vector3( mouse.x, mouse.y, 1 );414 vector.unproject( camera );415416 raycaster = new THREE.Raycaster( camera.position, vector.sub( camera.position ).normalize() );417 raycaster.setFromCamera( mouse, camera );418419 intersects = raycaster.intersectObjects( objects, true );420421 if ( $( ".years input:radio" )[1].checked ) {422423 if ( intersects.length > 0 ) {424425 for ( var i = 0; i < intersects.length; i++ ) {426427 $( "#info" ).show( "slow" );428429 if ( intersects[i].object != intersected2 ) {430431 if ( intersected2 ) intersected2.material = intersected2.currentMaterial2;432433 intersected2 = intersects[i].object;434435 intersected2.currentMaterial2 = intersects[i].object.material;436437 intersected2.material = new THREE.MeshPhongMaterial( { color: 0x1E90FF, transparent: true,

opacity: .9 } );438 intersected2.material.needsUpdate = true;439440 document.getElementById( "beheerobj" ).value = "Brug (bewegbaar)";441442 if ( intersected2.parent.userData.Name == "Aandrijving en bewegingswerk" ) {443444 document.getElementById( "discipline" ).value = "Elektrotechniek";445446 } else {447448 document.getElementById( "discipline" ).value = "Kunstwerken";449450 }451
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452 document.getElementById( "element" ).value = intersected2.parent.userData.Name;453 document.getElementById( "inspdate" ).value = intersected2.parent.userData.InspectionDate07;454 document.getElementById( "inspector" ).value = intersected2.parent.userData.Inspector07;455456 showCondition( intersected2.parent.userData.Score12, intersected2.parent.userData.Score07,

intersected2.parent.userData.Score02 );457458 }459460 }461462 } else {463464 $( "#info" ).hide( "slow" );465466 if ( intersected2 ) intersected2.material = intersected2.currentMaterial2;467468 intersected2.currentMaterial2 = intersects[i].object.material;469470 intersected2 = null;471472 }473474 } else if ( $( ".years input:radio" )[2].checked ) {475476 if ( intersects.length > 0 ) {477478 for ( var i = 0; i < intersects.length; i++ ) {479480 $( "#info" ).show( "slow" );481482 if ( intersects[i].object != intersected3 ) {483484 if ( intersected3 ) intersected3.material = intersected3.currentMaterial3;485486 intersected3 = intersects[i].object;487488 intersected3.currentMaterial3 = intersects[i].object.material;489490 intersected3.material = new THREE.MeshPhongMaterial( { color: 0x1E90FF, transparent: true,

opacity: .9 } );491 intersected3.material.needsUpdate = true;492493 document.getElementById( "beheerobj" ).value = "Brug (bewegbaar)";494495 if ( intersected3.parent.userData.Name == "Aandrijving en bewegingswerk" ) {496497 document.getElementById( "discipline" ).value = "Elektrotechniek";498499 } else {500501 document.getElementById( "discipline" ).value = "Kunstwerken";502503 }504505 document.getElementById( "element" ).value = intersected3.parent.userData.Name;506 document.getElementById( "inspdate" ).value = intersected3.parent.userData.InspectionDate02;507 document.getElementById( "inspector" ).value = intersected3.parent.userData.Inspector02;508509 showCondition( intersected3.parent.userData.Score12, intersected3.parent.userData.Score07,

intersected3.parent.userData.Score02 );510
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511 }512513 }514515 } else {516517 $( "#info" ).hide( "slow" );518519 if ( intersected3 ) intersected3.material = intersected3.currentMaterial3;520521 intersected3.currentMaterial3 = intersects[i].object.material;522523 intersected3 = null;524525 }526527 } else {528529 if ( intersects.length > 0 ) {530531 for ( var i = 0; i < intersects.length; i++ ) {532533 $( "#info" ).show( "slow" );534535 if ( intersects[i].object != intersected1 ) {536537 if ( intersected1 ) intersected1.material = intersected1.currentMaterial1;538539 intersected1 = intersects[i].object;540541 intersected1.currentMaterial1 = intersects[i].object.material;542543 intersected1.material = new THREE.MeshPhongMaterial( { color: 0x1E90FF, transparent: true,

opacity: .9 } );544 intersected1.material.needsUpdate = true;545546 document.getElementById( "beheerobj" ).value = "Brug (bewegbaar)";547548 if ( intersected1.parent.userData.Name == "Aandrijving en bewegingswerk" ) {549550 document.getElementById( "discipline" ).value = "Elektrotechniek";551552 } else {553554 document.getElementById( "discipline" ).value = "Kunstwerken";555556 }557558 document.getElementById( "element" ).value = intersected1.parent.userData.Name;559 document.getElementById( "inspdate" ).value = intersected1.parent.userData.InspectionDate12;560 document.getElementById( "inspector" ).value = intersected1.parent.userData.Inspector12;561562 showCondition( intersected1.parent.userData.Score12, intersected1.parent.userData.Score07,

intersected1.parent.userData.Score02 );563564 }565566 }567568 } else {569570 $( "#info" ).hide( "slow" );
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571572 if ( intersected1 ) intersected1.material = intersected1.currentMaterial1;573574 intersected1.currentMaterial1 = intersects[i].object.material;575576 intersected1 = null;577578 }579580 }581582 }583584 function animate() {585586 window.requestAnimationFrame( animate ) ||587 window.mozRequestAnimationFrame( animate ) ||588 window.webkitRequestAnimationFrame( animate ) ||589 window.msRequestAnimationFrame( animate ) ||590 window.oRequestAnimationFrame( animate );591592 controls.update();593594 render();595596 }597598 function render() {599600 camera.lookAt( scene.position );601 renderer.render( scene, camera );602603 }604605 previousSel = null;606607 $( "#t_Body_details" ).removeClass( "is-collapsed" );608609 obsurvTheme.scaleDetails();610611 }612613 });614615 /*function convertToECEF( lat, lon, h ) {616617 a = 6378137;618 f = 1/298.257223563;619 e = 2 * f - Math.pow( f, 2 );620621 N = a / Math.sqrt( 1 - e * Math.pow( Math.sin( THREE.Math.degToRad( lat ) ), 2 ) );622 X = ( N + 0 ) * Math.cos( THREE.Math.degToRad( lat ) ) * Math.cos( THREE.Math.degToRad( lon ) );623 Y = ( N + 0 ) * Math.cos( THREE.Math.degToRad( lat ) ) * Math.sin( THREE.Math.degToRad (lon ) );624 Z = ( ( 1 - e ) * N + 0 ) * Math.sin( THREE.Math.degToRad ( lat ) );625626 return { x: X, y: Y, z: Z };627628 }*/629630 function colorComponent( component, score ) {631632 if ( score == 1 ) {
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633634 component.material = new THREE.MeshPhongMaterial( { color: 0x2FC02F, transparent: true, opacity: .9 }

);635 component.material.needsUpdate = true;636637 } else if ( score == 2 ) {638639 component.material = new THREE.MeshPhongMaterial( { color: 0x9ACD32, transparent: true, opacity: .9 }

);640 component.material.needsUpdate = true;641642 } else if ( score == 3 ) {643644 component.material = new THREE.MeshPhongMaterial( { color: 0xFFFF00, transparent: true, opacity: .9 }

);645 component.material.needsUpdate = true;646647 } else if ( score == 4 ) {648649 component.material = new THREE.MeshPhongMaterial( { color: 0xFF8C00, transparent: true, opacity: .9 }

);650 component.material.needsUpdate = true;651652 } else if ( score == 5 ) {653654 component.material = new THREE.MeshPhongMaterial( { color: 0xFF0000, transparent: true, opacity: .9 }

);655 component.material.needsUpdate = true;656657 } else {658659 component.material = new THREE.MeshPhongMaterial( { color: 0xCC0000, transparent: true, opacity: .9 }

);660 component.material.needsUpdate = true;661662 }663664 }665666 function showGround() {667668 if ( $( ".toggleSwitch input:checkbox" ).is( ":checked" ) ) {669670 ground.visible = true;671672 } else {673674 ground.visible = false;675676 }677678 }679680 function showObject() {681682 for (var i = 0; i < $( ".elements input:checkbox" ).length; i++) {683684 if ( $( ".elements input:checkbox" )[i].checked ) {685686 objects[i].visible = true;687688 } else {
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689690 objects[i].visible = false;691692 }693694 }695696 }697698 function showHistory() {699700 for ( var i = 0; i < objects.length; i++ ) {701702 objects[i].traverse( function ( child ) {703704 if ( child instanceof THREE.Mesh ) {705706 if ( $( ".years input:radio" )[1].checked ) {707708 colorComponent( child, objects[i].userData.Score07 );709710 } else if ( $( ".years input:radio" )[2].checked ) {711712 colorComponent( child, objects[i].userData.Score02 );713714 } else {715716 colorComponent( child, objects[i].userData.Score12 );717718 }719720 }721722 });723724 }725726 }727728 function showCondition( score1, score2, score3 ) {729730 colors = { 1: "#2FC02F", 2: "#9ACD32", 3: "#FFDF00", 4: "#FF8C00", 5: "#FF0000", 6: "#CC0000" };731732 document.getElementById( "score1" ).style.background = colors[score1];733 document.getElementById( "score2" ).style.background = colors[score2];734 document.getElementById( "score3" ).style.background = colors[score3];735736 }737738 $(document).on('click', '#t_Button_annuleren', function () {739740 ...741 $( ".a-IRR-table" ).find( "tr.is-selected" ).removeClass( "is-selected" );742 $( "#t_Body_details" ).addClass( "is-collapsed" );743744 });745746 $(document).on( "apexafterrefresh", "#obs_kunstwerken", function ( dataId ) {747748 $( "#obs_kunstwerken tbody tr td span[data-id=" + dataId + "]").parent().parent().click();749750 });
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Listing E.1: PL/SQL code for retrieving data from the Oracle database1 CREATE OR REPLACE PACKAGE BODY KUN_INSPECTIES_APEX AS2 PROCEDURE GET_INFORMATION3 IS4 EL_ID OBS_ACC.KUN_INSPECTIES_TEST.KWL_ID%TYPE;5 INSPDATE OBS_ACC.KUN_INSPECTIES_TEST.DATUM%TYPE;6 INSPECTOR OBS_ACC.KUN_INSPECTIES_TEST.INSPECTEUR%TYPE;7 SCORE OBS_ACC.KUN_INSPECTIES_TEST.SCORE%TYPE;8 TYPE KUN_REC_TT IS TABLE OF KUN_INSPECTIES_TEST%ROWTYPE;9 KUN_REC_T KUN_REC_TT;10 KUN_IDX PLS_INTEGER;11 BEGIN12 SELECT * BULK COLLECTION INTO KUN_REC_T FROM KUN_INSPECTIE_TEST;13 KUN_IDX := KUN_REC_T.FIRST;14 HTP.P('[');15 WHILE KUN_IDX IS NOT NULL16 LOOP17 IF KUN_IDX != KUN_REC_T.FIRST18 THEN19 HTP.P(',');20 END IF;21 HTP.P('{ "ElementID:"'}||KUN_REC_T(KUN_IDX).KWL_ID||',22 "InspDate:"'||KUN_REC_T(KUN_IDX).DATUM||'",23 "Inspector:"'||KUN_REC_T(KUN_IDX).INSPECTEUR||'",24 "Score:"'||KUN_REC_T(KUN_IDX).SCORE||' }');25 KUN_IDX := KUN_REC_T.NEXT(KUN_IDX);26 END LOOP;27 HTP.P(']');28 END GET_INFORMATION;29 END KUN_INSPECTIES_APEX;
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G R E F L E C T I O N
The graduation project was made in cooperation with Delft University of Technologyand Sweco Netherlands, and officially started in November 2017. The thesis gaveme the opportunity to research a very actual and challenging topic in the Geomaticsfield, namely the BIM-GIS integration. It was interesting for me to acquire specialisedknowledge and experience with BIM design and modelling techniques, and Web GISdevelopment.
The research combines various subjects covered in different courses of the Master’sprogramme in Geomatics. The 3D Modelling course gave a solid basis for the construc-tion of 3D models and their components, and introduced the different 3D file formats.The knowledge gained in the course was used for the decomposition of BIM models.The Geo Database Management Systems course focused on the database managementand data manipulation techniques, which was necessary for the data retrieval processwithin the scope of the research.
The GIS and Cartography course introduced GIS as a tool for solving real-worldproblems and explained the basic concepts of cartography and different referencesystems and projections. In addition, the Positioning and Location Awareness courseextended the knowledge about the coordinate systems by providing practical experiencein performing transformations. This gave valuable insights for the georeferencing ofBIM models.
The Geo Web Technology course was the most essential course for this project, as itprovided the basics of web mapping and front-end development with HTML, CSS, andJavaScript. As the 3D prototype is created based on acwebgl, a prior experience infront-end programming was desirable.
Throughout the course of the project, I was able to improve my web developmentskills by extensively using HTML, CSS, and JavaScript, and learn PL/SQL for datamanipulation in Oracle.
Besides the improvement of my technical skills, the research helped me to developmy soft skills as well. In order to gather the requirements for the design of the 3Dprototype, I needed to find several AM experts both in the Municipality of Rotterdamand Sweco and conduct on-site interviews with them. This improved my communicationskills to a large extent and allowed me to better understand the work procedures inpublic space management.
During my graduation project in the company, I was positively surprised by the kindnessof my colleagues and their willingness to help me with any difficulties. I got continuous
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support by several people from the OBSURV Software team when I was developing the3D prototype.
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