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ABSTRACT:  

Rapid urbanisation relates to increased space requirements above and below ground and the development of complex structures. This 
profound need attracted increasing interest for the collection, modelling, management, visualisation and dissemination of 3D objects 
through various application fields, such as: 3D Cadastre, 3D City Modelling and Building Information Modelling. Contemporary 
advances in GIS technology, Geo-Web services and computer graphics facilitate the development of such models accompanied by 
semantic, geometrical and topological information, while the use of international standards enables the communication and 
interoperability between the systems. The aim of this paper is to combine state-of-the art methodologies and technologies for the 
development of semantically enriched 3D models for the Campus of the National Technical University of Athens in Greece. The result 
is a web-based 3D Campus map that integrates these models as Web Services, providing access to management and navigation for the 
campus area and can also be used for maintenance purposes from the various NTUA Departments. To this end, the database schema 
has been designed compatible with CityGML, while attention was given to interoperability issues that arise from differently derived 
3D models which had to be stored and visualised while retaining their characteristics. 

1. INTRODUCTION 

Recent advancements in 3D digital modelling techniques have 
boosted the production of 3D physical models of buildings and 
urban infrastructures worldwide (Becker et al. 2013). 
The last two decades, 3D city modelling has gained progressively 
ground as a tool for various advanced applications, leading to the 
emergence of detailed 3D city models entailing, not only 
geometrical and topological, but also semantic information 
(Dimopoulou et al., 2014; Gózdz et al., 2014). This need was 
driven on the one hand by revolutionary developments in 3D 
modelling techniques, and by the emergence of various 
applications in fields related to smart city planning, simulations 
and decision-making on the other. Biljecki et al. (2015) present 
29 use cases and more than a hundred different application 
domains of 3D city models, for diverse purposes. Prominent 
examples are indoor navigation (Lee et al., 2014), emergency 
response (Tashakkori et al., 2015; Chen et al., 2014), energy 
demand estimation (Krüger & Kolbe, 2012) disaster management 
(Zlatanova & Holweg, 2004; Kolbe et al., 2008), urban and 
telecommunication planning (Lamberti et al., 2011) and 3D 
Cadastre (Oosteroom, 2013; Góźdź et al., 2014). Additionally, 
Morton et al. (2012) identified over one thousand 3D City models 
worldwide, being used in smart cities, university campuses, 
commercial properties, shopping malls, airports, museums, and 
more. 
3D city models come in many different flavours. Some of the 
most commonly used technologies for 3D city models are 
Geographic Information Systems (GIS), while for building-scale 
models Building Information Model (BIM) is mostly used. BIM 
and GIS share foundation concepts, although they refer to 
different spatial scales and modelling levels and thus, various 
data exchange standards, protocols and formats have been 
developed to serve the needs of each domain. Industry 

Foundation Classes (IFC) is the most common open standard 
format for exchanging BIM models across multiple platforms, 
while City Geography Markup Language (CityGML) constitutes 
the most commonly-used data model for 3D GIS. IFC is a 
semantic, object-oriented data model using a hierarchical spatial 
structure to store building information focusing on the structural 
and design characteristics of the buildings. 
The interrelation between different 3D city models is perplexed 
even more considering the wide variety of platforms available for 
storing, modelling and visualising them, while several problems 
(data loss, topological inconsistencies. etc.) may occur during the 
conversion from a 3D city model to another (Zlatanova et al., 
2012). 3D City models are used in GIS/CAD tools, 3D web 
viewers and 3D game engines. The rapid development of 
computer graphics and the web leads to the gradual transition to 
3D web visualisation. 
Above mentioned technological advances have also led to the 
development of virtual 3D campus models, for educational, 
management and navigation purposes, serving evacuation and 
security purposes. A variety of such research is available in 
literature. Singh et al., (2014), note that many educational 
institutes have developed and published their own 3D campus 
models with ESRI CityEngine, combined with digital camera 
images. Kulkarni et al., (2017), combined the 2D campus maps 
with 3D campus model to present the campus’ current status in 
GIS. They addressed interoperability, accuracy and efficiency in 
3D modelling representations by the synergy of Google Earth, 
SketchUp and QGIS. Anh et al. (2017), developed a virtual 
campus using GIS data and 3D GIS and focus on the system's 
potentials for navigation and management. Maines and Tang 
(2015) explored virtual campus tours along with the problems of 
interior navigation. Rahmat et al., (2017), aimed to introduce and 
geolocate their campus’ buildings in interactive and innovative 
ways, via 3D modelling and virtual reality technology. 
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Given this background, the aim of this paper is to combine 
different 3D modelling methodological tools and techniques to 
develop a semantically enriched 3D campus model that can be 
used for navigation and maintenance. The study area is the 
campus of the National Technical University of Athens (NTUA), 
commissioned by the Technical Services of the University. As a 
result, a 3D Web campus map has been created, providing a tool 
to support decision-making about the asset management of the 
campus. The 3D NTUA Campus is a cutting-edge technological 
tool that improves navigation within the campus and provides 
access to management and navigation information, also serving 
security purposes.  
The paper is structured as follows: first the need for 3D modelling 
and management is discussed referring to technologies, standards 
and guidelines that are currently being used in various application 
areas. A brief research on 3D campus developments is presented, 
highlighting the principal aim of this paper. Following, an 
overview of 3D modelling techniques is provided, in relation to 
existing standards, raising compatibility and integration issues 
with different models or modelling techniques and concludes to 
the most efficient combination of database schemas and Web 
services for the publication of 3D interactive scenes. The next 
section presents the NTUA campus project along with the applied 
methodology and its implementation. The last sections present 
the results and conclusions concerning the modelling process’ 
performance, in terms of efficiency and precision both regarding 
visualisation and semantics. 
 

2. 3D DATA MODELLING & MANAGEMENT 

Physical reality needs to be  virtually and digitally represented in 
3D, enabling GIS and BIM users to be more creative by 
experimenting with different processes. Synergy between GIS 
and BIM is the key for optimum design and analysis, reducing 
time and cost in various applications, and certainly,  providing 
the end users with better services and models characterised by 
high end quality and robustness. IFC and CityGML, as 
information models defining object geometries, semantics and 
their inter-relationships, are different to their core, as they ‘are 
adapted to requirements of the domains they originate from’ 
(Hijazi & Donaubauer, 2017). 
A lot of research has been carried out to minimize the GIS-BIM 
gap, as in the case of Isikdag and Zlatanova (2009) who 
attempted a two-part transformation of both the geometric and 
semantic datasets of their models, or like Bittner et al., (2006) 
and Boyes et al., (2018) who attempted a systematic mapping of 
conflicting semantic data structures. Such research efforts, have 
triggered developments including CityGML Application Domain 
Extension (ADE) (van Berlo and de Laat, 2011) and the 
intermediary Unified Building Model (El-Mekawy, Östman and 
Hijazi, 2012). The migration of models between IFC and 
CityGML is being tested both ways in terms of semantics, 
information loss and in a higher Level of Detail (LoD). 
The interoperability of 3D city models, especially the integration 
of 3D GIS and BIM has been a significant research question 
(Kang et al., 2015; Deng et al., 2016; Jusuf et al., 2017). Since 
CityGML and IFC are often chosen as the most representative 
data schemas for GIS and BIM respectively, the research focuses 
on ways of exchanging information and bringing together 
CityGML and IFC. 
 
2.1 3D Modelling developments 

3D modelling in Geoinformatics area refers to descriptions of 
real world entities and phenomena, represented by BIM and 3D 
GIS, being the two main pillars for the representation and the 
accurate modelling and simulation of 3D objects. These concepts 

interpret 3D modelling differently, since GIS focuses more on 
real world modelling, while BIM on the design process (Liu et 
al., 2017). In the last decade there have been various successful 
academic and industrial efforts to create a strong and robust 
synergy between BIM and GIS, specifically focusing on 
integration processes between IFC and CityGML. 
Amongst numerous integration efforts, a few are mentioned, such 
as the ADE of CityGML used in numerous studies (Bahu and 
Nouvel, 2015; Deng et al., 2016), the GeoBIM extension (Van 
Berlo and de Laat, 2011), the unidirectional transformation from 
IFC to CityGML (El-Mekawy et al., 2012), the Automatic 
generation of IFC model from CityGML LOD3 model (Donkers, 
2013), the protralaying method on CityGML (Kolbe, 2007), the 
Unified Building Model (UBM) (El-Mekawy et al., 2012), the 
City Information Modeling (CIM) (Xun et al., 2014), the 
Conversion of CityGML model from IFC model through 
geometric division (Yu and Teo, 2014), the ExtrusionBaseModel 
(Geiger et al., 2015), the Semantic web technology method and 
the BIM/GIS-based information Extract, Transform and Load 
(BG-ETL) architecture (Karan et al., 2015). Abovementioned 
paradigms are characterized by robust ‘communication’ amongst 
different 3D procedures, resolving interoperability issues 
delicately. 
 
2.2 Database Schemas 

3D city models can be stored in different ways, either file-based 
or in a database in a hierarchically, multi-scale way. Database is 
considered the most significant part of the architecture of a GIS 
system and hence, the database schema needs to be carefully 
designed and structured, based on the needs of each application. 
3D city models structured according to CityGML standard need 
to be semantically stored so that the corresponding model can be 
easily generated. It should be noted that although CityGML is 
considered an optimal standard for presenting 3D city models, 
international research shows that the visualisation of the latter is 
quite difficult to be successfully implemented (Pispidikis et al., 
2016; Chaturvedi et al., 2015; Prandi et al., 2015; Prandi et al., 
2013). Consequently, the implementation of a semantic spatial 
database is considered vital. The 3D City Database (3DCityDB) 
is the most suitable schema according to the CityGML standard 
and additionally supports the commercial SRDBMS Oracle and 
the Open Source RDBMS PostgreSQL (Kolbe et al., 2015). On 
the other hand, the commercial solution of the semantically 
enriched database schema is the 3D City Information Model 
(3DCIM) (Padsala et al., 2015), developed by ESRI, aiming to 
provide compact and yet simple in structure, information models. 
Additionally, the 3DCIM and the CityGML are considered 
complementary and hence, several tools were developed so to 
achieve interoperability of these models (Reitz et al., 2015). As a 
result, both 3DCIM and 3DCityDB schemas can be implemented 
regarding the semantic storage of 3D city models. 
 
2.3 Web Services (3D OGC Web Services, ArcGIS Server 
Rest Services, 3D WebGIS, etc.) 

Web Services represent significant progress in distributed GIS. 
Before Web Services technology was available, interoperability 
was mostly accomplished at the data formatting level (Fu & Sun, 
2010). With the emergence of Web Service, data and functions 
can be exposed as Web Services and linked on demand to build 
solution. This capability led OGC (Open Geospatial Consortium) 
to develop several geospatial Web Services. The most significant 
geospatial Web Services are the Web Map Service (WMS), Web 
Feature Service (WFS), Web Coverage Service (WCS) and 
Catalogue Service for the Web (CSW). Furthermore, the 
available 3D portrayal services are the Web 3D Service (W3DS) 
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(Schilling & Kolbe, 2010) and Web View Service (WVS) 
(Benjarmin, 2010). It should be noted that except of the 
aforementioned OGC standards, a new portrayal scene service 
was developed by ESRI, which allows users to share content via 
web scenes using ArcGIS. Specifically, a scene service is a new 
type of ArcGIS server web service originating from a 3D scene 
in ArcGIS pro. 
 

3. MATERIALS AND METHODS 

NTUA campus is a complex collection of features (buildings, 
other infrastructure facilities, parking lots, squares, bus stops, 
trees and vegetation, etc.), networks (roads, bicycle paths and 
sidewalks) and surfaces that cover around 30.000m2 of 
infrastructure, surrounded by a natural environment of 100 
hectares. The campus area is used by more than 25.000 students 
and staff members. Within this context, it was crucial to create an 
integrated 3D modelling approach, following several 
methodological steps and properly combining available 
technologies.  
Methodological steps are schematically presented in Figure 1 and 
described at the following sub-sections.  

 
Figure 1. Methodological steps 

 
3.1 Data collection 

The first step was to collect all available data (both in digital -
raster and vector- and analogue format), to manipulate them 
accordingly (scanning, georeferencing, etc.) and quality check 
them in terms of completeness and coherence. Information about 
the data (that can be used as metadata) was organised for a clear 
overview of the availability, complexity and lack of important 
data that needed to be retrieved by other sources. 
The Department of Technical Services of the NTUA provided 
data of multiple formats which needed to be processed separately. 
In particular, data was provided regarding: 
 

 
● Buildings: 

❏ Façades, 
❏ Floor plans, 
❏ Sections. 

● Infrastructure networks, 
● Base maps: 

❏ Aerial Images of the wider NTUA area, 
❏ Orthophotos, 

❏ Digital Terrain Model (DTM) & Digital Surface 
Model (DSM), 

❏ Topographic and Survey Diagrams. 
 
Additionally, approximately 5.000 photos of buildings’ façades 
were captured to be used for 3D models’ texturing. 
 
3.2 Data Modelling and Storage 

Data for buildings and the related facilities was organised 
according to each School and/or Department they belong to and 
the modelling part was accordingly organised. 
To achieve a semantically enriched result the data was stored at 
the 3DCIM, which complements and provides seamless 
exchange with CityGML file schema. For buildings’ modelling, 
three different approaches were combined, using the following 
software (as illustrated in Figure 1): 

● ESRI CityEngine, 
● Trimble SketchUp Pro, 
● Autodesk Revit. 

 
Layouts, sections and floor plans were used in order to derive the 
footprint, shape and dimensions of the buildings and the building 
parts. In Figure 2 a typical façade in 2D is illustrated together 
with the corresponding 3D façade, modelled in ESRI CityEngine. 

 
 

 
 

Figure 2. 2D and 3D building façades 
 

Depending on the available data and sources, above mentioned 
techniques were explored and combined to generate semantically 
enriched 3D models.  
ESRI CityEngine combines procedural modelling methods with 
CGA shape and split grammars (splitting a 3D object into its 
components: faces, edges or vertices) to generate 3D content, that 
can be semantically enriched, by applying specialised 
methodology. By using ESRI CityEngine, the advantage of 
modelling repetitive patterns was exploited. However, 
developing CGA rules for complex multi-storey buildings 
demands advanced programming skills, thus results to a time and 
cost demanding process. In this context, aiming at the 
minimisation of 3D model development time through coding, a 
web CGA generator tool has been developed. 
The Web CGA Generator tool (Figure 3) is developed in order to 
minimise coding process of the CGA shape grammars regarding 
3D modelling of buildings in LoD2 and LoD3. Specifically, the 
tool generates the desired CGA rule through a descriptive 
procedure. The users register the architectural data into this tool 
(by defining the distance both between different floors and 
between consecutive building elements on each floor façade) and 
thereafter the corresponding rule is automatically generated. The 
limitation of this tool is that it can successfully be used only in 
buildings with relatively simple architecture (four façades, flat 
roof, etc.). Therefore, direct development of CGA rules by the 
user is necessary to model complex architectural structures, e.g. 
buildings with complex roofs or protruding building parts. 
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Figure 3. Web CGA Generator tool 
 

A few issues can also be pointed out, regarding modelling with 
ESRI CityEngine or Trimble Sketchup. While ESRI CityEngine 
offers an environment of fast and large-scale modelling, in cases 
of complex structures, the modelling process can be overly 
complex, not efficient and eventually time consuming. For 
example, it is it is easier to use 3D obj models from the Trimble 
SketchUp warehouse rather than generating procedurally 
elements such as stairs, balconies etc. 
It may be concluded that modelling with Trimble Sketchup is 
straightforward, it has an easy to use interface, and the connection 
to 3D Warehouse offers a variety of ready to use 3D models. On 
the other hand, textured Trimble Sketchup models (which give a 
more realistic visual effect than simple colours) are characterised 
by data loss when migrating to different software. 
Developed models were then semantically enriched, to be 
represented in LoD1, LoD2 and LoD3 of CityGML standard and 
then, imported to a file Geodatabase, based on the 3DCIM 
schema. It should be noted that the 3DCIM schema is compatible 
with the File Geodatabase of ArcGIS. Consequently, the 
produced building models can easily be published as ArcGIS 
scene services. Simultaneously, by storing these data in 
compliance with 3DCIM schema, the automate generation of the 
respective CityGML is achieved by utilizing the data 
interoperability extension of ArcGIS (Figures 4 and 5). 

   
Figure 4. LoD3 building of NTUA campus 

 

  
Figure 5. LoD3 building of NTUA campus with detailed 

semantics 
 

3.3 Data visualisation and dissemination 

Next, web services were published via ArcGIS online, 
representing the following features: 

● basemaps (Map service),  
● public transport stops (Feature service), 
● trees and vegetation (Feature service),  
● buildings (scene service) and  
● DEM (elevation service). 

The terrain, where the NTUA Campus is situated, is characterised 
by rather intense relief. Therefore, buildings and other structures 
extend on different height or depth levels (Figure 6). In order to 
present subterranean buildings and structures, a separate 
elevation service was created, adjusting DEM so that above 
mentioned objects are as well visible in the web-GIS viewer. The 
original DEM was converted to a transparent polygon and was 
used in combination with the custom elevation service. 
Additionally, the public transport stops were connected with the 
Athens Urban Transport Organisation telematic application and 
therefore, real-time information on the bus arrivals is available. 
Finally, all published web services were integrated into the web-
GIS viewer campus interface, using Web AppBuilder for 
ArcGIS. 
 

 
Figure 6. Visualisation of underground structures using the 

elevation service (top). Without the use of the elevation service 
underground facilities are not visible (bottom). 

 
4. RESULTS 

Implementation of the above-mentioned methodology, resulted 
in the development of an interactive 3D WebGIS viewer of the 
NTUA Campus (Figure 7). Users are able to navigate within 
NTUA facilities, trace locations of interest and move to and from 
the campus using public transport. City furniture such as lamps, 
bus stops and campus entrances is also included to the developed 
model (Figures 8 and 9). A variety of basemaps 
(OpenStreetMaps, Google Imagery and other ArcGIS Online 
basemaps) are available to fit as background to different users’ 
needs.  
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Figure 7. 3D NTUA Campus overview 
 
 

 

 

Figure 8. 3D models one of 
the main campus entrances 
modelled in Trimble 
SketchUp 

Figure 9. City furniture 
imported as obj files 

 

 
 

Figure 10: Interactive 3D WebGIS viewer of NTUA 
 
 
Apart from navigation and comprehensive presentation 
capabilities, semantic enrichment of the 3D buildings’ models 
also allows for the efficient management of the campus premises, 
including building and infrastructure maintenance. 3D campus 
model is structured in a way that it can be further extended and 
also used for other purposes, such as energy consumption and 
routing, as well as for security purposes. 
 
 

5. DISCUSSION AND CONCLUSIONS 

Exploring and combining the different tools for the creation of 
the 3D WebGIS NTUA Campus viewer, as presented in Section 
3, raised several challenges towards interoperability between the 
different components and efficiency of the developed 3D 
WebGIS viewer for the NTUA Campus.  
With regards to the modelling process, the different modelling 
approaches (procedural and BIM-based modelling), dictate the 
issues that were to be addressed. Thus, in this Section, the 

difficulties and challenges faced in those approaches are briefly 
discussed. 
 
5.1 Procedural modelling with ESRI CityEngine 
 
The use of CGA grammar proved very efficient for 3D building 
modelling, especially regarding buildings with identical or 
similar architectural patterns (e.g. same number of windows at 
the same position in each façade), as a CGA rule can be multiply 
used or configured to generate different buildings or building 
parts. In the examined case study, a significant number of 
buildings and building parts shared similar architectural patterns, 
although of different dimensions. Configuration of the same 
CGA rule to adjust to the dimensions of each building, 
significantly reduced modelling procedure of such buildings. 
Additionally, 3D models can be easily textured without any 
further photogrammetric editing. 
On the other hand, CGA grammar cannot address efficiently the 
modelling of more detailed buildings with complex architectural 
characteristics, or buildings with different footprints per floor. 
Such issues were addressed within this research through the 
separation of such buildings on different building parts, creating 
less complex geometries that can be modelled easier and faster. 
However, this solution may introduce redundancies to a building 
that is composed of separate building parts, such as double wall 
surfaces where neighbouring building parts touch each other. 
Complex architectural characteristics that could not be directly 
modelled through CGA grammar, such as ornaments or curves, 
were imported as individual 3D objects (in Collada or obj 
formats) and were georeferenced, scaled and textured to adjust to 
the building on which they pertain. This brings up issues of 
compatibility between the imported objects’ model and the 
building model as derived from implementing its corresponding 
CGA rule. Furthermore, this approach requires the use of other 
3D modelling techniques, such as Image Based Modelling or 
laser scanning, which increases processing time and cost. Within 
this field, exploitation of BIM tools provided significant 
contribution, especially regarding modelling of elements such as 
stairs, ramps or balconies. Modelling such elements using CGA 
grammars constitutes a very laborious task, of average 
visualisation results.  
 
5.2 BIM modelling with Trimble SketchUp 

In order to create the final 3D campus model, individual models 
designed in Trimble SketchUp Pro were imported to ESRI 
CityEngine software in Obj file format and then imported to the 
File Geodatabase. This procedure involves several drawbacks. 
To name a few: export of extensive (in terms of size and number 
of buildings parts/façades) models in many cases resulted in the 
loss of data, especially in case of material texturing. In order to 
resolve this issue, different export combinations were tested to 
achieve minimum data loss. Additionally, a number of materials 
was not transferred from one system to the other, while other 
materials were assigned different textures after the data transfer. 
Use of colours instead of textures (based on digital images of 
each structure) was implemented to cope with such issues. 
Migration of Trimble SketchUp Pro models to ESRI CityEngine 
environment also introduces inaccuracies on model 
georeferencing. In some cases, adjusting export options was 
sufficient to resolve this problem. However, some models 
required to be manually relocated to their correct geolocation. 
However, it should be noted that via the CityEditor plugin of 
Trimble Sketchup Pro, direct generation of complex CityGML 
models can be achieved in different LoDs. Thereafter, the 
generated models are automatically stored to a file Geodatabase, 
based on the 3DCIM schema. 
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5.3 BIM modelling using Autodesk Revit 
 
3D modelling process also involved modelling using Autodesk 
Revit software. Such models include rich semantic information 
regarding the building’s structure and provide for high quality 3D 
models. Despite the benefits of Revit on development of building 
models, significant drawbacks emerge during conversion of 
Revit models to CityGML Given the significant amount of, 
building level information they pertain, Revit models introduce 
redundancies when converting to CityGML, involving data loss 
and inconsistencies with CityGML database schema. To address 
these issues, FME software was employed to assist data 
conversion, although the results could only suffice in case of 
constructions of low complexity that were modelled in low level 
of detail within AutoDesk Revit software. 
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