AGILE: GlIScience Series, 5, 3, 2024. https://doi.org/10.5194/agile-giss-5-3-2024
Proceedings of the 27th AGILE Conference on Geographic Information Science, 4—7 Sept. 2024.
Editors: Alison Heppenstall, Mingshu Wang, Urska Demsar, Rob Lemmens, and Jing Yao.

This contribution underwent peer review based on a full paper submission.

© Author(s) 2024. This work is distributed under the Creative Commons Attribution 4.0 License.

A model-driven methodology for integrating heterogeneous 3D

geospatial urban entities

Clement Colin'#, Diego Vinasco-Alvarez', John Samuel?, Sylvie Servigne®, Christophe Bortolaso*,

and Gilles Gesquiere'

"Univ Lyon, Univ Lyon 2, CNRS, INSA Lyon, UCBL, LIRIS, UMRS5205, F-69676 Bron, France
2Univ Lyon, CPE Lyon, CNRS, UCBL, LIRIS, UMRS5205, F-69621 Villeurbanne, France
3Univ Lyon, INSA Lyon, CNRS, UCBL, LIRIS, UMRS5205, F-69621 Villeurbanne, France

4Berger-Levrault, Limonest, France

Correspondence: Clement Colin (clement.colin@liris.cnrs.fr); Diego Vinasco-Alvarez

(diego.vinasco-alvarez@liris.cnrs.fr)

Abstract. Data on geospatial entities is increasingly avail-
able from various fields, such as GIS, CIM (City Informa-
tion Modeling), and BIM (Building Information Model-
ing). They are described using different data models, such
as IFC and CityGML, and are composed of both seman-
tic and geometric data. Integrating this heterogeneous data
to create a unified view of geospatial entities requires the
use of technologies and methods adapted to each type of
data. In this work, we propose a data integration method-
ology that leverages geospatial and semantic web tech-
nologies to provide data views suited to facilitating spa-
tial and semantic navigation of these data. Concerning se-
mantic data, we propose a model-driven data transforma-
tion process for limiting data loss during integration and
reducing semantic heterogeneity between data from dif-
ferent urban information domains. For geometric data, we
propose data transformations towards data formats for ef-
ficiently sharing, storing and visualizing 2D and 3D data.
An open-source application is presented to illustrate this
methodology.

Keywords. BIM, GIS, CIM, 2D-3D city models, Integra-
tion, Methodology, Reproducibility

1 Introduction

As the production of urban geospatial data grows (Lei
et al., 2023b; Batty, 2021), providing users (urban plan-
ners, maintenance workers/managers, citizens, etc.) with
unified views of such data from different sources can im-
prove access to enriched information and enhance un-
derstanding of urban objects and landscapes. Heteroge-
neous geospatial data can provide various information to
describe geospatial entities (things that have separate

and distinct existences and objective or conceptual reality
(ISO, 2016)) physically, functionally and operationally.
Recently, approaches such as Urban Digital Twins (Batty,
2018) have seen an increase in adoption as tools that in-
tegrate, visualize, and analysing the complex, evolving
geospatial urban data.

These urban geospatial data are produced from heteroge-
neous information domains, such as GIS (Geospatial In-
formation System), CIM (City Information Model) and
BIM (Building Information Model) (Beck et al., 2021; Liu
et al., 2021). These domains provide thematic and spatial
(topology and location) information about urban entities
using semantic and 2D or 3D geometric data. BIM in-
cludes information about a building’s geometry, materials,
and even operational data.

Navigating the context of an urban entity, i.e. any infor-
mation that can be used to characterize the situation of an
entity (Abowd et al., 1999), can help these users achieve a
more complete understanding of the city. Additionally, in-
tegrating heterogeneous geospatial data would help to cre-
ate more complete and informed views of an entity to help
in its definition and comprehension by taking into account
its context (Colin et al., 2022).

Being able to create views of all kinds of geospatial data
(2D, 3D, and semantic data) can be essential for decision-
making in urban development projects which may affect
many citizens. Combining semantic web and computer
graphics methodologies and technologies could contribute
innovative solutions for the integration and comprehension
of heterogeneous data.

Naturally, interoperability problems arise when trying to
integrate data from different urban information domains,
as they are produced according to various needs and are
often structured according to different heterogeneous data
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models (Weil et al., 2023). This has been identified as a
key barrier to the adoption of Urban Digital Twin applica-
tions (Lei et al., 2023a). For example, GIS is often used to
describe objects at an urban scale, like roads and buildings,
BIM was created to describe objects at a building scale,
like walls and windows. This means that the same object
can be represented by simple or complex geometries with
varied details of description. For example, a building may
be represented by a 3D model in a CIM context, while a
more detailed representation is required in a BIM context.
Integrating representations at different scales could help
enrich and facilitate the resulting 3D visualization. For ex-
ample by using the simplest 3D model when the entity is
far away from the perspective of the user.

In order to represent urban entities and facilitate seamless
interoperability, several data standards have been created
depending on different urban information domains and
their different point of view (Mcglinn et al., 2019; Guyo
et al., 2021). These standards may provide data models
and schemas to define the concepts and data structures that
constitute the data they specify. For instance, the IFC (In-
dustry Foundation Classes) standard (ISO, 2018) is em-
ployed in the BIM domain to depict physical infrastruc-
ture like roads, bridges, buildings, and their constituent el-
ements such as walls, pipes, and windows. Buildings and
their components can also be described by using DWG
(AutoCAD Drawing file) or IndoorGML (OGC, 2018c)
files, which encompass semantic and 2D or 3D geometries.
To represent urban data in GIS, CityGML (OGC, 2018a)
and CityJSON (OGC, 2018b) use 2D or 3D geometric ob-
jects, along with thematic data and interrelationships be-
tween objects (Kutzner et al., 2022). GeoJSON, another
GIS standard, is employed to represent 2D geometries of
geographic features, including their attributes and spatial
extents (Butler et al., 2016).

Furthermore, as 3D models (or digital twins) of geospatial
entities are also usually composed of semantic and geo-
metric data, achieving complete integration of these mod-
els would facilitate and enhance both visualization and
navigation of these types of data for users. In other words,
this means giving access to relevant semantic data while
being able to visualize the 2D or 3D geometry in a 3D
scene. While approaches based on knowledge graphs have
been proposed for storing semantic urban data in interop-
erable data formats, a generic model for supporting 3D ge-
ometry is currently in development (Wagner et al., 2020).
Fully integrating heterogeneous 3D models is a prob-
lem that requires handling both semantic data hetero-
geneity and distinct computer graphics problems.

According to Kolbe et al. (2020), with many applications
requiring data about the same object, the ability to inte-
grate various data sources could help find the missing in-
formation. There may exist multiple different models of
the same entity, which means different simplifications and
descriptions of it (Batty, 2018, 2021). Giving access to
multiple representations of the same geospatial entity
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is a rising problem that needs to be solved to ensure its
better comprehension.

Our objective is to provide users with integrated and nav-
igable views of available representation of urban objects
through a data integration process (Tran et al., 2016). This
process must support the different navigation needs or use
cases. For instance, a user may only need to provide access
to semantic urban data to analyze an entity; sometimes a
user may only want to visualize the geometry of an entity;
sometimes access, visualize, and navigate both semantic
and geometric representations. Therefore, there is also a
need to provide users or systems with a generically appli-
cable integration methodology.

We propose a generic geospatial urban data integra-
tion methodology to provide more complete and effec-
tive spatial and thematic navigation between heteroge-
neous representations of a geospatial entity. We aim to
make the integration more complete by allowing users or
systems to navigate all original data. Therefore, data must
not be lost (or data loss must be limited) during integra-
tion. Also, it should be possible to explore and visualize
both semantic and geometric data. We aim to make the
integration more effective by using technologies and data
formats that are designed for storing, querying and visual-
izing geometric and semantic data.

We present the following contributions in this paper for
solving these challenges:

e A generic geospatial urban data integration method-
ology:

— A model-driven transformation of 3D geospatial
semantic data models and data towards an effi-
cient and common knowledge graph format

— Transformation of geometric data towards an ef-
ficient and common 3D format

— An approach for linking heterogeneous represen-
tations of geospatial entities

e An approach based on the reuse of standards and
open-source tools

e The development of a reproducible data integration
pipeline

A preliminary background and explanation of current
works in geospatial data integration are presented in sec-
tion 2. Section 3 presents the proposed methodology
and the technical architecture of the platform created to
demonstrate it. We also explain how the platform can be
fully reproduced, using open-source tools and available
data. Section 4 presents the results obtained and section 5
concludes the article and also presents the future course of
action.
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2 Related Works

Solutions to solve geospatial data integration problem, i.e,
combining data from different sources to provide users
a unified view of the data (Tran et al., 2016), can be
classified into five categories (Fosu et al., 2015): conver-
sion (Stouffs et al., 2018; Chen et al., 2018; Donkers,
2013), creation of a unified data model to represent all ob-
jects of multiple data models (El-Mekawy et al., 2012; Yan
et al., 2021; Kumar et al.), data integration using semantic
web and linked data (Karan et al., 2016; Hor et al., 2016;
Huang et al., 2020; Pauwels et al.; Radulovic et al.). The
last category is integration for web visualization in a 3D
geospatial context (La Guardia et al.; Gaillard et al., 2015;
Colin et al., 2022). To ensure that our proposed method-
ology is generic and can be applied to any data, both se-
mantic web integration methodology for semantic data and
integration for web visualization for geometric data need
to be used.

2.1 Semantic data integration

Transformation towards formal knowledge graph stan-
dards, such as GeoSPARQL, stRDF, and BimSPARQL,
facilitate urban data integration for enriching semantic ur-
ban data and data models. These standards are useful for
providing rich data structures for storing and combining
heterogeneous semantic data (Malinverni et al., 2020) and
can provide a basis for exchanging data across urban in-
formation domains in industry and academia (Claramunt,
2020), both of which are essential for heterogeneous data
integration. Achieving such a transformation ensures that
the semantic data is described using a common, interoper-
able language, making it easier to store, share, and query.

Recent works have proposed using model-driven trans-
formations as an approach to integrate geospatial and ur-
ban data conformant to these standards (Kyzirakos et al.,
2018; Alvarez et al., 2021; Hor et al., 2016). Where data
models give data a standardized, shareable definition and
structure which provides an essential basis for interop-
erability. These data models can be formalized at dif-
ferent levels of abstraction. Often, more abstract, tech-
nologically independent data models are defined in lan-
guages such as UML, while more concrete data models
can take the form of physical data schema that take into
consideration specific programing languages, data struc-
tures and data (transfer) formats. Common languages for
defining physical data schema include data description
languages such as SQL for defining the structure of re-
lational databases, and JSON Schema and XML Schema
for defining semi-structured data. Model-driven transfor-
mation approaches use these models to guide the transfor-
mation of their conforming data towards other data for-
mats or data models (Kutzner, 2016). Additionally, these
transformations can be applied to data models themselves
to transform them to knowledge graph formats such as
RDF/OWL (Jetlund et al., 2019). Here, OWL is a language
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used to define highly formal, but machine-readable data
models as computational ontologies.

The use of a model-driven transformation approaches to-
wards knowledge graphs formats also allows users to
reuse existing geospatial urban data knowledge graphs.
Approaches such as ontology alignment (sometimes re-
ferred to as ontology matching) are powerful methods for
integrating data models and data instances (Euzenat and
Shvaiko; Usmani et al., 2021). This involves proposing
links or correspondences between the concepts, relation-
ships, or data instances of two ontologies. The set of cor-
respondences between the concepts of two ontologies is
an alignment between the ontologies (figure 1). Several
works (Hbeich et al., 2020; Usmani et al., 2021) are un-
derway to align BIM and GIS data through the use of these
integration approaches.

Ontology 1 Alignment

height height

B
P composed of composed of
(__) Class
l:l Datatype 1}
SubclassOf composed of
Property

<—> EquivalentTo

Ontology 2

Figure 1. An illustration of an alignment (highlighted in red)
between two example ontologies. The alignment is composed of
several correspondences (in blue) between the equivalent classes,
properties, and datatypes of each ontology.

2.2 Geometric data integration

Services and standards emerged during the last decade to
make 2D and 3D data integration easier on the web (Guyo
et al., 2021; Mcglinn et al., 2019). The Open Geospa-
tial Consortium (OGC) has defined several standards to
access geospatial data. The two main services, the Web
Feature Services (WFS) (OGC, 2014) and the Web Map
Services (WMS) (OGC, 2006) are useful for storing and
sharing 2D geometry of features. Features, defined as an
abstraction of a real-world phenomenon (ISO, 2014) are
fundamental in both these services. To deliver 3D geospa-
tial data, the OGC also adopted the 3DTiles (OGC, 2019)
and the I3S (OGC, 2017) standards. They share simi-
larities as they allow sharing, visualizing, and interact-
ing with massive heterogeneous 3D geospatial content
as 3D polygonal models or as 3D point clouds linked
to semantic data. More specifically, 3DTiles uses the
GLTF format (Khronos, 2021) to store and share effi-
ciently 2D and 3D geometry on the web. A concep-
tual model, Gen3DCity (Jaillot et al., 2021) generalizes
these standards. Those standards were used by several
works (Gaillard et al., 2015; Chen et al., 2018; Zhang
et al.; La Guardia et al.) to integrate geometric data of one
data model, either CityGML or IFC. Works like (Marnat
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et al., 2022) allow transforming the geometric data of het-
erogeneous data models to 3DTiles. The OGC also pro-
poses a standardized API, called 3D GeoVolumes (Miller
et al., 2020b, a), to navigate in several representations
on the same entity. A GeoVolume represents an entity
with a distinct bounding volume, containing 3D model
datasets that are relevant to that volume (items, content). It
can include or reference other GeoVolume children whose
bounding volumes are fully contained by the parent con-
tainer’s bounding volume.

However, these standards are dedicated to geometric data,
with comparatively limited support for semantic data ac-
cess and analysis. Improving this support may require an-
swering various questions such as: do all semantic data
need to be stored with a geometric format? If yes, how can
they be stored? With what kind of structuration? Is query-
ing the semantic data simple and efficient?

2.3 Hybrid data integration

In a previous paper, Colin et al. (2022) proposed a
generic methodology to integrate heterogeneous geometry
of 2D/3D models on the web while keeping a link to the
sources to gather additional semantic data when required.
Hor and Sohn (2021) described an approach to integrate
BIM semantic data in parallel with geometric data us-
ing BimServer, which also focuses on respecting the data
models of the data to be integrated. Another solution (Hi-
jazi et al., 2020) allows navigating between BIM and
GIS representation by linking instances of the same real-
world object between two databases, 3DCityDB and Bim-
Server. Another example of linking heterogeneous repre-
sentations is the use of a MultimediaDB (Jaillot, 2020) to
link CityGML representations and multimedia.

However, the few hybrid data approaches that exist either:

e do not take into account geometric visualization,
sharing and storing problems

e are model specific, thus they are not generic as they
can not be applied to other data models

e do not provide an efficient solution to link the hetero-
geneous representation of the same entity.

Wagner et al. (2020) studied four existing approaches to
describe the geometric representation of BIM model in a
Semantic Web context. The first two can be implemented
using only Semantic Web standards, the second being
more restricted as the storage and structure of the geom-
etry description are compliant with both RDF and JSON.
The last two approaches rely on other technologies than
with semantic web to structure and store the geometry. The
third uses a Semantic Web approach for linking and stor-
ing the geometry descriptions while the fourth only uses
RDF for linking to the geometry descriptions and depends
on other technologies for storage and structure of the con-
tent. Wagner et al. (2020) concludes that storing geometric
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data with adapted data models and linking them to the se-
mantic data using semantic web technologies is:

o flexible: how flexible users are in choosing their most
suitable geometry schema or linking method

e concise: the verbosity of an approach, the triple count
or file size of geometry description

e supported: how well an approach is already supported
by software applications

e less portable: how convenient it is to share geometry
descriptions with other RDF data

e less semantically expressive: Semantic Web Tech-
nologies can not be used for spatial querying.

The fourth method is particularly well-suited to our prob-
lem, as storing heterogeneous geometric data using a ho-
mogeneous data model greatly simplifies their reuse and
support. It also increases the conciseness of the data,
which is necessary in our context as the geometry of BIM
or CIM models is generally heavy, given the number and
detail of the object to be represented.

However, progress is still required to achieve an integrated
view of heterogeneous representations of the same entity
in the same context that allows efficient navigation in both
the 2D and 3D geometric data and the semantic data. The
following section details our methodological contributions
to these works.

3 Geospatial data integration methodology

This section presents the proposed methodology for in-
tegrating geospatial data (section 3.1), different urban
data integration processes supported by our methodology
(section 3.2), and a platform created using the proposed
methodology for integrating and navigating multiple rep-
resentations of an entity (section 3.3).

3.1 Methodology

Our proposed methodology for geospatial data integration,
in figure 2, is based on the following approach: separat-
ing the semantic data of 2D-3D city models from the ge-
ometric data and store these data in formats specialized to
make full use of their unique characteristics. Transforma-
tion and translation towards efficient data models and for-
mats for each of these categories of data more easily sup-
ports the application of data storage, access, and integra-
tion methods from the semantic web and computer graph-
ics domains. L.e., recognizing multiple representations of
the same object would be possible using Semantic Web
entity linking and Geospatial Entity Resolution methods
as discussed in section 2. Additionally, we propose to re-
move redundant data in formats that are not designed for a
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type of data. More specifically, we propose to remove se-
mantic data from geometric data stored in 3D formats and
remove 3D data from data stored in graph formats.

As the semantic data is translated using a model-driven ap-
proach (to ensure the validity and completion of the data)
into a single knowledge graph format, the first step in the
methodology involves integrating the relevant data mod-
els by translating them into a unique and common formal
graph language, also known as an ontological language,
which is then stored in a knowledge base. The aim is to
increase interoperability between data models and enable
efficient use across various applications and BIM/CIM in-
formation domains. This step is only necessary for data
models that do not already have an official representation
in the identified ontological language.

The second step involves transforming and translating the
data themselves into formats that are efficient for each
specific type of data (spatial or semantic). The initial in-
stantiation of these data is usually done by different users
or stakeholders to create 2D/3D city models as open ur-
ban data, which we can utilize to test our proposed ap-
proach. Semantic and geometric data are separated and
transformed into a common standardized graph format and
a common standardized 2D/3D data format, respectively.
Here, model-driven transformations and the data models
integrated in step 1 are used to effectuate the transforma-
tion of semantic data. We propose to extract and transform
all geometric data into 2D and 3D data model formats that
are efficient for sharing, visualizing and interacting with it.
During this process, a link between the semantic data and
the geometric data must be created to ensure that naviga-
tion between them is possible.

Once these steps are achieved, we have at our disposal two
datastores: a semantic datastore, a knowledge base con-
taining the data models and semantic data instances, and
a geometric datastore, containing all geometries in a com-
mon format, made for a more optimal integration in terms
of data volume and access.

Our methodology can be categorized under the fourth
type of approach of BIM Model geometry integration ap-
proaches described by (Wagner et al., 2020), as the ge-
ometry is stored in an adapted format while the semantic
and the link with the geometry are stored separately using
semantic web technology. However, a notable distinction
is our methodology is generically applicable to geometry
from larger urban scales such as CIM and GIS data.

Our methodology allows for easy access to the data and
enables users to analyze, explore, and visualize the data in
various ways, depending on their requirements. Overall,
this methodology enables efficient and standardized use of
geospatial data by users and systems while limiting data
loss. Also, by using technologies and data formats that are
designed for storing, querying and visualizing geometric
and semantic data, we ensure a more optimal integration.
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3.2 Applying geospatial and semantic data
integration processes

Once the geospatial and semantic data are separated into
their relative formats and storage solutions, additional
steps are taken to make use of this integration method-
ology to take geospatial data integration a step further as
shown in figure 3. The first step of this activity diagram in-
volves identifying the existing representations of the same
unique entity in heterogeneous data which can be done by
using semantic entity linking or geospatial entity linking
techniques as introduced in section 2.

Next, the transformed data models can be aligned using
the approaches discussed in section 2 to minimize seman-
tic heterogeneity between BIM and CIM information do-
mains. After entity linking and ontology alignment, the
formal nature of ontologies permits the use of tools such
as reasoners to verify that the concepts and relationships
defined by these translated data models are logically con-
sistent, and logically infer new relations between concepts
in the integrated data models and between representations
of entities.

3.3 Experimentation and reproducibility

This section presents the technical architecture of the plat-
form created for the experiment to test the aforementioned
methodology and how it can be reproduced.

Figure 4 shows the sequences of activities at the technical
level of our methodology of geospatial data integration. In
the experiment, we used two standards of geospatial urban
data: IFC and CityGML from the BIM and CIM informa-
tion domains respectively. For the first step of data model
translation into a graph, we used the ShapeChange tool to
transform the CityGML 2.0 and 3.0 data model to RDF,
and store it in a graph database, Blazegraph. The IFC stan-
dard ontology is publicly available', therefore it does not
need any transformation before being added to the graph
database.

Following step two, the geometric data are homogenized
and transformed as 3DTiles (OGC, 2019), a standard that
allows sharing, visualization, and interaction with mas-
sive heterogeneous 3D geospatial content. More specifi-
cally, 3DTiles uses the GLTF format (Khronos, 2021) to
store and share efficiently 2D and 3D geometry on the
web. This transformation was handled by a tool named
py3dtilers (Marnat et al., 2022). It is an open-source tool to
convert and manipulate 3D Tiles from the most common
3D geospatial data models: CityGML, IFC, OBJ, and Geo-
JSON. Next, the semantic data transformation to graph
was made possible using the UD-Graph (Alvarez et al.,
2021) and IFCtoRDF tools, which produce RDF files that
can be uploaded to the graph database. The link between
the semantic and the geometric representation is ensured

"https://technical buildingsmart.org/standards/IFC/
IFC-formats/IFCowl/
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using the GeoVolume model, by linking those representa-
tions to the entity they represent. This step was ensured by
hand in this experiment.

Finally, the navigation and visualization of the geospatial
data are ensured by UD-Viz, which allows the creation
of web applications for visualizing and interacting with
geospatial urban data.

All tools used to create this platform are open-source and
accessible online. They are listed in table 2 in section 6.
Some (UD-Viz, Py3DTilers, UD-Graph) were developed
as part of the urban data services and visualization frame-
work (Samuel et al., 2023), an open-source framework for
multidisciplinary research to handle complex processing,
analysis, and visualization of urban data. One major ad-
vantage of using multiple components is that, if needed,
each component may be replaced by another that will ful-
fill the same role in this methodology.

The presented platform is fully reproducible, a link to the
repository is available in table 2. The repository holds in-
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formation to reproduce the results shown, the data created
and how to recreate it. It is also accessible online?.

4 Results

This section shows some results obtained by applying the
presented methodology in the aforementioned platform as
a geospatial urban data web application, using the tech-
nical architecture 3.3 presented above. The navigation in
both geometric and semantic representations of a same en-
tity is presented, followed by a study of the efficiency of
the methodology.

4.1 Navigation

The demonstration makes it possible to navigate in a 3D
geospatial environment created from geometric and se-
mantic data of heterogeneous sources described in part 4.2.
The geometry was extracted and then stored as 3DTiles
and semantic data was transformed and then stored as an
RDF graph. As all representations of the same entity are
linked using the GeoVolume model, it is possible to nav-
igate between them. As shown in figure 5, all represen-
tations linked to an entity (here, a building in the Doua
district) are queried using SPARQL and listed on the left
menu. The bounding box of the entity is shown in the
geospatial environment to help locate it. The visualization
is adapted depending on the type of data: geometric data
can be visualized in the geospatial environment, as shown
in figure 6, and semantic data can be explored through a
graph visualization of it, as shown in 7.

Zhttps://geodatanavigation.vcityliris.data.alpha.grandlyon.
com/
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Figure 5. List of the available representations (on the left menu)
of a building in the Doua district with its bounding box used to
locate it on a geospatial environment (on the right)

Thanks to the use of the homogeneous 3D format, 3DTiles,
it is possible to visualize geometric data from a wide vari-
ety of 2D and 3D data standards. In figure 6, two represen-
tations of the same building are shown. They were trans-
formed from a CityGML and an IFC file, respectively.

(b)

Figure 6. Visualization of two geometric representations in
3DTiles from an IFC and a CityGML file of the same building

Semantic data that have been transformed into a graph can
also be browsed (figure 7). The parent node that corre-
sponds to the entity is shown in blue. Each edge repre-
sents a specific relationship with said entity. Additional
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information regarding each node and the relationships it
can have with other nodes is described by their integrated
data model (i.e., an instance of a bldg:Building in
CityGML is linked to the class of buildings and its docu-
mentation). Through these graph interfaces, semantic data
can be explored freely by the user.

ifcifclabel
ifcifclocalPlacement
u ifcifcPostalAddress

(b)

Figure 7. Visualization of two semantic representations as graph
extracted from an IFC and a CityGML file

Figure 8 illustrates how simultaneous navigation of both
geometric and semantic representations of an entity can
be effectuated. On the right is a navigable graph that shows
the semantic data issued from an IFC file of this building.
In the middle, a 3D geometric representation issued from a
CityGML file of this building. By using links created in the
semantic datastore between these representations, upon in-
teraction with a node that has a geometric representation
in the geospatial environment, its geometry is highlighted
in blue.

4.2 Data
Both geometric and semantic data are available by access-

ing the relevant service: the 3DTiles files in the geome-
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Figure 8. Visualization of a geometric (highlighted in blue) and
a semantic representation (transparent blue frame on the right) of
the same building extracted from a CityGML file. The geometry
of the building was highlighted thanks to the link created between
those representations.

try datastore using HTTP requests and the semantic RDF
graph using the semantic datastore and SPARQL. As we
used an adaptable model-driven data integration method
and officially supported transformation tools, we ensured
that no semantic data was lost during the transformation.
The geometry is visualized and spatially analyzed using
3DTiles, which RDF and SPARQL have comparatively
limited support for, especially concerning 3D models.

By using a semantic datastore, it is possible to link het-
erogeneous representations of the same entity, without al-
tering the original data and data models. In this demon-
stration, the geometric and semantic data issued from a
geospatial representation are linked using the GeoVolume
model, which allows linking all representations of the
same entity while geolocating it.

Table 1 shows the size of the integrated IFC and CityGML
files before and after transformation. We can see that re-
moving the geometry from the graphs greatly reduces their
size. We can also note that the geometry, stored as 3DTiles,
is still lighter than a graph, and is usable and optimized
for this kind of data. Moreover, as the format of the ge-
ometry is homogenized, all geometric representations can
be visualized, whatever the original data model they con-
formed to. By using optimized solutions for each kind of
data, the solution is more efficient as the geometry is not
transformed as a graph.

Another major advantage of this methodology is its flexi-
bility: it is possible to only use the semantic or the geomet-
ric data, depending on the use case. A user may require an
application that only uses heterogeneous semantic data for
querying and analyzing, another may only need to visual-
ize the geometric representation in a 3D environment.

The geometry from any data model may be stored in a ho-
mogeneous and optimized format meant to visualize or an-
alyze geometry. It helps to gain portability (Wagner et al.,
2020), i.e., how convenient it is to share geometry descrip-
tions.
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File Format | Original | TTL TTL 3DTiles
without
geome-
try
FZK- CGML 159 7.4 mb 39 kb 39.3 kb
LOD4 mb
Doua CGML | 232 20.7 8.1 mb 5.5 mb
district mb mb
Limonestt CGML | 56.6 59.2 15 mb 8.8 mb
mb mb
FZK IFC 2.4 mb 204 159 2.07
mb mb mb
AC20 IFC 104 27.9 24.4 5.30
Insti- mb mb mb mb
tute
Doua IFC 17.5mb | 133.7 71 mb 24 mb
build- mb
ing
Schepen-| IFC 47 mb 216 mb | 78 mb 26.2
domlaan mb

Table 1. Size of files before and after transformation of semantic
and geometric data towards RDF and 3D homogeneous formats.

5 Conclusion

The problem of integrating heterogeneous geospatial data
lacks a generic methodology that can be applied to ur-
ban data models to visualize both semantic and geometric
data that are commonly found in such data. We proposed a
methodology to handle both semantic and geometric data
by using the most efficient technology for each. They are
also stored in a homogeneous adapted format that allows
efficient semantic querying and efficient sharing and visu-
alizing of geometric data.

This methodology allows a more complete integration of
urban data as we propose to use a model-driven data inte-
gration process to avoid loss of data and make it possible
to study other data integration problems such as ontology
alignment. Additionally, the integrated data is easily nav-
igable, independent of their original data model. The pro-
posed methodology is also efficient as no unnecessary data
is stored in an unadapted format, i.e., semantic data are
not stored in geometric formats or vice-versa. As demon-
strated this makes the semantic graph much lighter.

The navigation of heterogeneous data integrated through
this methodology was exemplified using a fully repro-
ducible demonstration based on standards and open-
source tools, presented in section 3.3.

Another advantage of this methodology is the possibility
of adding additional geospatial data and data models con-
forming to different data standards. Links between various
representations of the same entity can be ensured in the
semantic datastore, without altering original data or data
models. Navigating all the data is made possible by only
using two data stores, whatever the number of data model
1nputs.
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The technical architecture presented in section 3 allows
further study of other geospatial data integration ap-
proaches such as ontology matching to align data models
in future works. As many representations of the same en-
tity can be stored in the same place, semantic, geospatial
or hybrid solutions for entity linking can be explored as
well. By using those links, it would also be possible to
enrich a representation using other representations of the
same entity. It would also be possible to study data verifi-
cation by comparing and analyzing various existing repre-
sentations. One key problem not handled in this article is
data synchronization between the distributed semantic and
geometric data stores. Modification of data on one of the
databases may imply modification of data in the other. This
challenge still needs further study to be handled generi-
cally.

6 Data and Software Availability

Research data and code supporting this publication are
available in the repositories listed in table 1 and are acces-
sible via the corresponding links in table 1. More particu-
larly, they are issued from the Open Datasets of the Lyon
Metropole?®, Building Smart IFC examples* and from the
Institute for Automation and Applied Computer Science
(IAD) / Karlsruhe Institute of Technology (KIT)® (ac-
cessed on Dec 19, 2023). The computational workflow
supporting this publication is provided as a container pub-
lished at 10.5281/zenodo.10810329 with instructions in-
cluded in the README.md file in the repository.

S.No. | Name Repository

1. | UD-Viz https://github.com/V City Team/
UD-Viz

2. | Py3DTilers https://github.com/V City Team/
py3dtilers

3. | BlazeGraph https://blazegraph.com/

4. | ShapeChange | https://shapechange.net/

5. | UD-Graph https://github.com/V City Team/
UD-Graph

6. | IFCToRDF https://github.com/pipauwel/
IFCtoRDF

7. | Platform https://zenodo.org/doi/10.5281/
zenodo.10810329

Table 2. Repositories and links of the open-source components
used

3https://data.grandlyon.com

*https://github.com/buildingSMART/Sample-Test-Files

Shttps://www.citygmlwiki.org/index.php2title=KIT_
CityGML_Examples

Shttps://www.IFCwiki.org/index.php?title=KIT_IFC_
Examples
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