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Abstract
In the last decades, the use of information management systems in the building data processing led to radical changes to the
methods of data production, documentation and archiving. In particular, the possibilities, given by these information systems, to
visualize the 3D model and to formulate queries have placed the question of the information sharing in digital format. The
integration of information systems represents an efficient solution for defining smart, sustainable and resilient projects, such as
conservation and restoration processes, giving the possibilities to combine heterogeneous data. GIS provides a robust data storage
system, a definition of topological and semantic relationships and spatial queries. 3D GIS makes possible the creation of three-
dimensional model in a geospatial context. To promote the interoperability of GIS data, the present research aims first to analyse
methods of conversion in CityGML and IndoorGMLmodel, defining an ontological domain. This has led to the creation of a new
enriched model, based on connections among the different elements of the urban model in GIS environment, and to the
possibility to formulate queries based on these relations. The second step consists in collecting all data translated into a specific
format that fill a graph database in a semantic web environment, while maintaining those relationships. The semantic web
technology represents an efficient tool of interoperability that leaves open the possibility to import BIM data in the same graph
database and to join both GIS and BIM models. The outcome will offer substantial benefits during the entire project life cycle.
This methodology can also be applied to cultural heritage where the information management plays a key role.

Keywords 3DGIS . CityGML . Ontology . Graph database . Semantic web . Interoperability

Introduction

Projects in the architecture, engineering and construction (AEC)
sector are becoming increasingly large and complex, generating
different types of information. The use of information technolo-
gies in the building data processing led to radical changes to the
methods of production, management and archiving of data doc-
umentation. In particular, 3D model visualization and query

formulation are offered by many information systems at the
building and terrain scale for data access (graphics, photos, tech-
nical documents, regulations, etc.) linked to the object.

Information systems are based on the digital representation
with an informative 3D model linked to a relational database,
which is an archive where all data of the object, in different
formats, can be collected together under the entity-
relationship model. Therefore, they represent useful tools for
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project management. In recent years, the research in AEC
sector did not focus on the use of a single information model-
ling for the data management, but it tried to make an integra-
tion of different information systems to create a multi-disci-
plinary, multi-scale, multi-scope, multi-user approach. In or-
der to achieve a model technically richer and more complete
of the object, it is necessary to share data among the informa-
tion systems used and so, where it needs, to proceed to the data
conversion or transformation in a digital exchange formats to
promote the concept of interoperability. The development of
this more advanced environment, supported by the intercon-
nection, the communication, the data transferring and enrich-
ment among the information systems, requires the creation of
a common platform. For example, using the web network,
where all data from different sources are collected and con-
nected in a unique graph.

In AEC field of work, among the information sys-
tems and technologies, GIS (Geographic Information
System) is a useful tool for building and terrain data
management. The integration of GIS with data coming
from other information modelling environment repre-
sents an efficient way for defining a smarter, more sus-
tainable and resilient project. It gives the possibilities to
combine heterogeneous data: geometric shapes, quantita-
tive analysis, enrichment of semantic knowledge, appli-
cation of different technologies and multi-scale manage-
ment (Ma and Ren 2017; Fosu et al. 2015; Yamamura
et al. 2016). This innovative integration between infor-
mation systems becomes suitable to many building
fields of application. Some representative examples are
the design and construction stages, the management of
the construction sites, the site layout planning and the
location of temporary objects (Sebt et al. 2008). GIS
integration with other technologies permits to define,
follow and control each step of the building or infra-
structure project and its effects on the territory or the
elements connected to such as installations and services.
Moreover, GIS provides to be an additional support
system for the historical building or sites management,
offering a new way of co-working for the preservation,
conservation, monitoring and restoration activities of
cultural heritage. GIS data can be linked with high de-
tailed information models, like those created through
Building Information Modelling (BIM) software. For
this reason, the integration of GIS and Heritage (or
Historical) Building Information Modelling (HBIM)
(Murphy et al. 2009) can be considered as an adequate
solution for managing the information for conservation
and restoration projects of existing building at architec-
tural scale (Malinverni et al. 2018; Malinverni et al.
2019; Matrone et al. 2019).

Although GIS was originally used to manage geospatial
data in 2D scale, it provides a robust data storage system

(Vacca et al. 2018) based on a sort of hierarchy of classes
and subclasses identified by the levels of detail of CityGML
schema. The latter permits the definition of topological and
semantic relationships between the objects. By the develop-
ment of 3D GIS it makes possible the creation of three-
dimensional geospatial modelling, allowing the data manage-
ment of specific building, offering a precise visualization of
the geographical contextualisation and permitting the formu-
lation of spatial queries (Rinaudo et al. 2007). So, the 3D
building model can be raised on a modelled terrain in a rela-
tive urban context with its surroundings. While CityGML de-
scribes and classifies object in the urban scale, IndoorGML
focuses on the connections between the rooms of a building
helping to create navigable routes, creating a network. In this
research we used IndoorGML to make connection between
buildings and outdoor elements such as roads.

After this preliminary overview, it is clear that the attention
focuses on the in-depth analysis about the management of GIS
data. In particular, this paper illustrates a research topic based on
the conversion of 3D GIS data into an exchange format that can
be readable and interpretable by other information systems, such
as BIM or HBIM. In this research we tried to find out a possible
solution to convert 3D GIS data, giving those data a CityGML
ontology and, after a process of elaboration, importing the trans-
formed data in a semantic web database based on RDF
(Resource Description Framework) graph. The final result of
the work is to identify the benefit in using the semantic web
platform to collect GIS data, translated in a unique common
exchange format, based on RDF connecting triples (Hor et al.
2018). Then, in the same web environment, it is possible to add
and gather other converted data coming from other information
systems. This semantic interoperability needs to be provided by a
domain for the description and the individuation of the objects
(Karan & Irizarry 2015). In computer science, ontologies are
adopted as domains providing a formal structure for sharing
and managing data defining objects (taxonomies) and their rela-
tionships (El-Diraby et al. 2005).

Keeping a standardized ontology can play a key role in a
project development (such as reconstruction or building res-
toration projects). It helps the designers to have a quick over-
view of infrastructure affected by any work decisions.
Furthermore, they allow linking information between many
models created under different standards (GIS, BIM, HBIM)
to make more complete decisions.

This paper is structured as follows: the first part is dedicat-
ed to the state-of-the-art of the concept of interoperability
between information systems (“State-of-the-art”); then after
a small bracket about the semantic web, the methodology
workflow is described (“Methodology”), defining so the stan-
dards and the tools, used for 3D GIS data conversion,
analysing their characteristics, properties and functions
(“Standardization”). Hence, the process of translation from
CityGML to RDF-graph will be outlined (“Implementation
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of graph database”), and finally, some considerations and re-
sults will be discussed (“Conclusions”).

State-of-the-art

The data integration process, as said before, between informa-
tion systems represents an innovative approach offering sub-
stantial benefits, and this combination has to take into account
the strong points from each system (Zhang et al. 2009).
Considering for example the most used systems like BIM
and GIS, their integration represents an efficient tool for
AEC projects. In short, BIM describes geometry, semantic
relationships and identifies the building components. GIS pro-
vides a well-structured database (level of detail) and a
geospatial model with topological and semantic relationships.
But there are some dissimilarities between them, such as spa-
tial scale, level of representation of geometric models and
structure of database.

By literature, the topic of translation of data between GIS
and other information systems, BIM in particular, has been
already dealt with, as you can read in some examples below,
and it is still an ongoing research, but it led to a specific
solution, not simple to understand or to propose again for
different case studies. Especially, it is to be highlighted that
some software producers started a collaboration trying to get
easier and to overcome the complexity of the data conversion
and sharing between information systems, so it is already pos-
sible to import BIM data into a GIS environment. Although
this has shown good performance, it must be said that this data
conversion has a limitation because it only proceeds in unidi-
rectional way, from BIM to GIS. This is not the aim of our
research work.

Analysing research activities focusing on the topic of inte-
grated information system, the interoperability between BIM
and GIS can be presented in different ways: syntactic interop-
erability and semantic interoperability (Bishr 1998).

The syntactic interoperability refers to use common data
format to exchange information between BIM and GIS sys-
tems, using a domain of one of the information systems.
Examples of syntactic interoperability are systems that com-
bine building data with landscape maps, data formats of BIM
object on GIS environment, and solutions to convert BIM data
from IFC (Industry Foundation Class) to CityGML (Karimi
and Akinci 2009). The approach of IFC to GIS (IFG) project
has been developed to provide geographic information be-
tween the frameworks of IFC, in order to get a more efficient
planning (Kolbe et al. 2005). Other examples of syntactic way
are based on the use of CityGML schema. The GeoBIM ex-
tension from BIMServer allows conversion from IFC files to
CityGML files by defining additional information in
CityGML entities (Van Berlo and De Laat 2011). Nagel
et al. (2009) proposed a conceptual method of transitioning

from a KML graphics model to BIM through CityGML. The
authors developed mapping rules to allow transforming
CityGML model to IFC model. Another attempt, tried by
Hagedorn et al. (2009), was to create a conceptual dual graph
for representing topological relationships among indoor enti-
ties of a building, but not the whole one with the geospatial
context. All these examples chosen to explain this type of
interoperability show a common characteristic: they follow a
unidirectional way of translation and do not consider the se-
mantic information mapping in the process. A bidirectional
approach is needed (Deng et al. 2016), if we want to get a
dual interoperability between BIM and GIS.

The highest level of interoperability is guaranteed by the
semantic aspect of data integration. The key point of semantic
interoperability is to make sure that features and relations be-
tween information management systems are maintained dur-
ing data conversion (Peachavanish et al. 2006). Objects as
entities and their relationships are defined under a domain
called ontology that makes possible the representation, the
sharing and the management of the knowledge (El-Diraby
et al. 2005). The information should be described and classi-
fied in a standard way. The semantic web technology repre-
sents new efficient online platform to make possible this kind
of interoperability. The web ontology language (OWL) ex-
presses the data in terms of classes. A collection of these
classes, their attributes and relations can be stored as RDF
triples describing each individual object, its properties and
features, which can be understood as a graph based on nodes
(entities) and vertices (relationships) (Hor et al. 2016).
Semantic web technologies have been used by several re-
searchers to facilitate construction project information shar-
ing. Anumba et al. (2008) explored the use of semantic web
technologies to meet the challenges of collaborative project
information management. Akinci et al. (2008) developed a
web-based approach to enable semantic interoperability be-
tween CAD and GIS platforms. Beetz (2009) demonstrated
the feasibility of semantic web tool to address information
exchange and integration problems in AEC interoperability.

Taking this approach into account, it becomes possible to
move forward a graph database direction, useful also for a
BIM data interaction providing so a complete interoperability
in the web environment and so allowing an eventually bidi-
rectional way of data transfer between information systems.

Semantic web

As we previously discussed the main obstacle of the integra-
tion between different information systems is the lack of in-
teroperability across both domains, which could be solved
using the semantic web. The semantic web is a set of technol-
ogies used for the representation, publication and browsing of
structural data on online platforms. It is used in this study to
convey meaning, which is interpretable by construction
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project stakeholders as well as BIM and GIS applications
processing the transferred data (Ebrahim and Irizarry 2015).

The main elements belonging to a semantic web platform
(Hor 2015) are as follows:

& Uniform Resource Identifiers (URIs), a string of charac-
ters that identifies a particular resource;

& Web Ontology Language (OWL), a type of knowledge
representation languages form authoring ontologies for
representing the conceptual schema;

& Resource Description Framework (RDF), a family of
World Wide Web Consortium (W3C) specifications orig-
inally designed as a metadata model for defining the data
according to the schema;

& SPARQL, a SQL-type language for carrying out queries
in data.

RDF, RDFS (Resource Description Framework Schema)
and OWL are languages with clearly defined semantics or
mathematical basis for the meaning of each construct. Since
concepts in RDFS and OWL ontologies are expressed formal-
ly, they can be processed by computer programs.

The ontology is the key element of the semantic web. It
classifies objects, data, etc. (entities), with their attributes and
the relationships among them inside a domain of knowledge.
In other words, it can be defined as a data structure that rep-
resents a model of semantic representation of reality. The
shared language used to describe the semantics of the data is
the uniform way to facilitate the communication among dif-
ferent users to understand each other (Mohammad 2010).
Ontologies are used to overcome the barriers to heterogeneous
semantic data sharing. They are commonly used for many
purposes such as network management, data exchange on
the World Wide Web and information retrieval (Hor 2015).
There are several examples in literature where ontology is
required before the data conversion (El-Diraby et al. 2005;
Hor et al. 2016). Also, it remarks the importance to maintain
the ontology of a model in order not to lose the meaning of
each feature during the data format conversion.

As is described in Kolbe and Nagel (2012), main elements
of RDF are triples composed by three elements: subject, pred-
icate and object. They can be represented in a graph (upper of
Fig. 1) with three linked nodes. The meaning of predicate

could be interpreted as property and the meaning of object
as value. The final interpretation of the triple will depend on
the data stored, e.g., if the predicate is “hasChild”, the mean-
ing of the object could be a value if a boolean data (yes or no)
is stored, or another object if all data regarding the child is
linked. Other manner to create this RDF graph is using two
nodes (subject and object) connected by an edge (predicate)
(bottom of Fig. 1). This paper uses the latter structure to main-
tain CityGML ontology and to keep semantic web techniques.

Semantic interoperability is crucial for its ability to ex-
change information between existing standards. It is also ca-
pable to automatically interpret the exchanged information in
meaningful and accurate way. This process allows users to
combine 3D models and get information from them. To do
so, these models must converge to a common information
domain. In this way, the exchanged information using seman-
tic interoperability is unambiguously defined. This means that
the sent data are the same as what is understood (Wiki.GIS
2019).

Methodology

The improvement of GIS model, by creating connections and
data conversion towards another domain, such as BIM, has
been already discussed. The aim of this paper is to transfer the
data from a GIS model to a common web database where all
its features remain interconnected. Other models, as BIM one,
can be also imported in this web database and linked to the
GIS model. The hypothesis is that every model is created
using open standardized ontologies and keeping them is the
main purpose. The resulting database defines the connections
between models in the same information system, where a
feature can influence features of other models. Every feature
in the model is connected to other thanks to the ontological
relationships.

Taking the urban context as example, objects composing
the city model can be created and collected in different infor-
mation systems where, basing on own ontological schema,
specific features are managed. A unified model, which gather
all the information coming from several information systems,
will be built in a semantic web environment where all the
figures involved to the project can interact with it. Among
the urban services, this approach can be used for analysing
the road system, in particular the management of the emergen-
cy, security and traffic when an obstruction may compromise
the passage. For example, works on a façade building near the
adjacent road may imply a traffic diversion. Furthermore, the
unified model will be useful to create spatial connections be-
tween elements of the urban area. In this work it was consid-
ered a simple case, as a demonstration, that recognizes build-
ings rising in sequence along a street, testing the operation of
building-road connection.Fig. 1 RDF triples
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In order to test the connection building-road, we have cho-
sen a case of study concerning an urban area of the city of
Bologna, characterized by the presence of porticos which need
interventions. The methodology is centred on GIS model and
its transformation to the common database. The workflow is
structured on steps that are outlined as follow. First, it is nec-
essary to prepare the GIS model based on the available data.
Shapefiles (.shp) of roads and buildings have been
downloaded free from the OpenData, an open source platform
provided by the Municipality of Bologna. These objects
allowed to realize a 3D GIS model, where first we made the
Triangulated Irregular Network (TIN) of the terrain. Then we
built the 3D shapes of the buildings and defined the road map,
laying all them on the TIN. The second step consists in
importing shapefiles and other data into FME (Feature
Manipulation Engine) software to create CityGML and
IndoorGML models. FME is an ETL (Extract, Transform
and Load) tool, which automatically translate the information
from one format to another one (FME 2019). Finally, using an
algorithm developed in Python, to transform CityGML and
IndoorGML models into JSON data, we collected them into
a graph database on web environment. We have chosen the
solution of a NoSQL database, because this kind of database,
thanks to its flexibility, scalability, and high performance, is
able to collect a wide variety of heterogeneous data in modern
applications. Next paragraphs explain deeply the methodolo-
gy adopted (Fig. 2).

Standardization

3D GIS

The information, provided by cartographic services, is
expressed in bidimensional way where sometimes elevation
values are specified. In order to create a 3D GIS model, we
need to make modifications in the original 2D data. As the
case study represents an urban area, a 3D city model has been
created from Digital Terrain Model (DTM) and 2D shapefiles
of buildings and roads has been imported. The building
shapefiles consist in polygon features including height data,
whereas roads are drawn by poliline features. The latter have
planar coordinates (x, y) but do not have elevation values (z).
As previously indicated, the aim of this research is to create

spatial connection between GIS object of buildings and roads,
through a representation based on nodes. In this case, the
connection point of a building with a road is assumed to be
the nearest point of the road (road nodes) to centre of gravity
of the building (building nodes) calculated within ArcGIS
(ArcGIS 2018). The roads are splitted at these connection
points obtaining a logical network (bottom left of Fig. 3).
Furthermore, for an easy and fast recongnition, an univocal
identifier (ID code) is assigned to the resulting roads, to the
road nodes and to the buildings. All these data, ID codes and
number of nodes of the roads, are stored in a specific datatable
saved in CSV format. Therefore, to fill the building datatable,
a new column will be added to cointain the ID code of the
corresponding road node (bottom left of Fig. 3). In the same
way, the ID codes of the starting and ending nodes for the
corresponding segment are selected to the resulting road
shapefile. The data preprocessing and the code identification
help the following creation of the IndoorGML model, built
after defined the CityGML schema. However, buildings and
roads are still 2D features. In passing to the 3D level, first, the
z coordinate (altitude) of the base feature needs to be retrieved
from the TIN (Triangular Irregular Networks) of the terrain,
which has been obtained from contour maps with accuracy of
2 m. Thus, knowing the height of the buildings, they become
3D polygons. In this way, 3D polygons are represented by
solids built extruding the baseline polygon to their height (ob-
tainable from the building datatable) and using multipatch
features (upper right of Fig. 3). At the same time, lines of
the road map follow the three-dimensional orography of the
TIN model.

CityGML

Nowadays there is a variety of international standards for each
field of application. Open Geospatial Consortium (OGC
2019) is an international organization which develops and
maintains open standards (more than 60 have been published).
Among all them available, the most extended and used in city
modelling is CityGML, issued also by the ISO/TC 211 regu-
lation (ISO/TC 211 2019).

CityGML is a common semantic information model for the
representation of 3D urban objects that can be shared over
different applications. It is an open source data model and
eXtendible Markup Language (XML)–based format for the

Fig. 2 Methodology workflow
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creation and the exchange of city models. The geometry is
stored using the Geography Markup Language version 3.1.1
(GML3), which is also XML-based format and is usually
employed in geographical information archive.

Furthermore, CityGML enables lossless information ex-
change between GIS software and users. It defines classes
and relations regarding their geometrical, topological, seman-
tical and appearance properties (Kolbe and Nagel 2012). It is
applicable for large areas and small regions and can represent
the terrain and 3D objects in different levels of detail (LOD)
simultaneously. For example, simple models without topolo-
gy and few semantics in one LOD, instead of very complex
detailed models with topology and fully semantical, can be
represented in different LODs.

LODs in CityGML indicate the accuracy of geometries and
the potential elements that are included in the model. LODs
range from 0 to 4. Let us use building objects for illustrating
them: LOD0 is the coarsest model, and it is mainly a 2D
model with a DTM; e.g., building would be represented as a
2D polygon laying on the DTM. LOD1 includes buildings
with its height. LOD2 defines the structure of roofs and build-
ing installations. LOD3 represents the real geometry with

accuracy, and LOD4 is the realist model in which all details
of the building are modelled. CityGML specification (Kolbe
and Nagel 2012) defines for each object model the informa-
tion needed for each LOD.

As has been previously indicated, CityGML is chosen be-
cause it is widely used in GIS city modelling and represents an
open recognized standard and well-defined ontology.

In this project, the CityGML model was constructed based
on the 3D GIS model using FME software. 3D building and
road shapefiles are imported into FME, and they are trans-
formed to LOD1 Building and LOD0 Road objects in the
CityGML model. The TIN is also transformed to a 3D relief
and incorporated to CityGML model. FME has a set of tools
that carries out this conversion with only specifying its input
data. In this way, this ETL allows the designer to easily create
the CityGMLmodel. A previsualization of CityGML geomet-
ric result from FME interface is shown in Fig. 4.

The main problem of this data is the way in which semantic
connection between these independent elements is created.
One way to create semantic relationships among objects in
CityGML is through geometry, but it would require a full
topologically consistent model with high LOD. This is rarely

Fig. 3 Operations carried out from the original data, at upper left. A zoom view, in bottom left, shows ID roads nodes, ID buildings and ID roads (linked
by a dashed line). The assigned ID codes collected in datatables, in down right. Upper right: the final 3D GIS model
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achievable. For example, many building and road shapefiles
available do not share any point between them. Consequently,
topological connections cannot be carried out and both kind of
objects remain independent. Other problem is that FME does
not automatically obtain geometrical relations between build-
ings: if two buildings share a wall, this geometic element is
written in both buildings CityGML model. For these reasons,
other ontological domain is needed to fill this gap and
IndoorGML semantics adjusts to it.

IndoorGML

IndoorGML (IndoorGML 2019) is a OGC standard, XML-
based, and it is implemented for defining routes inside build-
ings, linking different rooms through doors and so, navigable
spaces. Among all OGC standards, it is the only one that
establishes an ontology for navigable routes and has a possible
connectionwith CityGML. In this research, a slightly different
interpretation of IndoorGML has been developed to make
connections between CityGML elements. In this case,
IndoorGML acts as linking network between outdoor and in-
door spaces. An improvement of its ontology could deal with
any real space because the paths can be used for several case
studies, such as wifi connectivity (IndoorGML 2019). The
proposed general model could have a central navigation mod-
ule with some predefined extensions in indoor and outdoor
environments, but this development is not the scope of our
research. The aim of this work is to use IndoorGML ontology
with others existing standardized to create connections be-
tween buildings, identified by a point in their centre of gravity,
and the nearest point belonging to road lines (nodes).

CityGML and IndoorGML have some similar features, in
particular: geometry, existing in both models, and CellSpace
object in IndoorGML which corresponds with Buildings ob-
ject in CityGML. In Fig. 5 is shown a schematic diagram of

CityGML and IndoorGML considered and the proposed con-
nections in geometry and CellSpace.

An useful software to easily create an IndoorGML has not
been found. FME specifications indicate that this XML format
has already been incorporated, but there is not a direct pro-
cessing to generate IndoorGML data. Therefore, a new
workflow was created using FME software to write an
IndoorGML file, although any other software (or even a
script) could be used. This workflow takes as input data
building–road connections as specified in “3D GIS”. in CSV
format (created from Roads datatable and Building datable
represented in Fig. 3).

The following explanation illustrates the process of how
the UML (Unified Modelling Language) diagrams of
CityGML and IndoorGML were interconnected using FME
while creating connections between the two shapefiles, output
of the 3D GIS data, previously created.

To elaborate the proposed procedure some considerations
have to be taken into account. Every building is considered as
a unique SpaceLayer element of IndoorGML ontology be-
cause they are unrelated. Inside this layer, all buildings are
defined as CellSpace and assigned its corresponding ID as is
possible through GML specifications. On the other hand,
roads form another SpaceLayer element and are defined by
their geometry (line entities for Transition elements and point
entities for State ones). Connections among elements from
different SpaceLayer are made with InterLayerConnection
feature.

Furthermore, Transition feature can connect two States fea-
tures using nodes created in “3D GIS”. It is therefore possible
to use for roads connections between stretches of road or
buildings and roads. The connection of nodes with road seg-
ments and buildings creates a network between elements. It
achieves the objective of having one interconnected model
where you can navigate from one feature to others. The con-
nection between IndoorGML CellSpace and CityGML

Fig. 4 CityGML viewed in FME
Data Inspector
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Buildings and geometry connections are carried out through
its ID, which has to be the same in each element of both
models to connect them.

The importance of such process will be better understood
in the next paragraphs, where the use of a graph database will
better explain how these connections can be used to improve
an information model through queries and enriching the data.
As a result we obtain the model in GML containing all neces-
sary links for the graph database.

Implementation of graph database

The use of open source standard facilitates end users to under-
stand every model. But these standards are usually disconnect-
ed among them as is the case of CityGML, IndoorGML or
IFC. As previously expressed, some solutions exist and the
approach used here is useful to create a common systemwhere
an entire model can be incorporated. This common system is
represented by a graph database with RDF triples.

Graph databases belong to NoSQL databases. These types
of database are useful when they have to store unstructured
information. Furthermore, they allow to carry out fast trans-
versal queries. Nowadays, there are a variety of software in
this field such as ArangoDB (ArangoDB 2019; Fernandes and
Bernardino 2018), MongoDB (MongoDB 2019; Fernandes
and Bernardino 2018), or Neo4j (Neo4j 2019; Fernandes
and Bernardino 2018; Hor et al. 2018). We chose to use

ArangoDB for its speed carrying out traversal queries, but
any other could be used.

These databases have multi-model structure because they
can collect information in different ways. This methodology is
based on the use of documents and graphs (ArangoDB 2019).
Documents store information, whereas graphs define relation-
ships between data. Both are used by ArangoDB.

ArangoDB uses JSON (JavaScript Object Notation) format
to store information in documents. Each one of them can con-
tain different type and quantity of attributes. Documents are
stored into collections assigning them, automatically or man-
ually, a univocal key value. There are two types of collections:
vertices and edges. The main difference between them is that
edge collection has two special attributes that vertex collection
does not have: _from and _to. These two attributes are used to
create relations among documents of any vertex collection
stored in the database.

The diagram of Fig. 1 shows that these graph databases can
be defined graphically, with vertices and edges, where vertices
are documents and edges are relations. It allows to use RDF
graphs triples to define the data in ArangoDB where
Predicates (from RDF) represent edges, whereas Objects and
Subjects are vertices (or documents).

From GML to JSON

Both CityGML and IndoorGML are GML formats, but cur-
rently, ArangoDB only imports JSON or CSV formats.
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Fig. 5 Simplified UML diagrams of CityGML and IndoorGML. The dashed line indicates the connection between both structures and the label “Created
nodes” references to the nodes created in section 4.1
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Consequently, GMLmodels must be converted to one of these
formats. The simplest way to create objects is to transform in
JSON rather than in CSV.

Indeed, there is an encoding for the OGC CityGML data
model called CityJSON (CityJSON 2019). CityJSON mainly
describes the geometry, attributes and semantics of different
kinds of 3D city objects. While we need to manage only the
geometry of the objects and their geographical position to
define the spatial relationships, we opted to use the
GeoJSON format (GeoJSON 2019; Butler et al. 2016), mostly
used for the road map management (Ferdinandus and
Setiawan 2016). GeoJSON supports geometry types as point,
polygon and multipoint. All things, which are supported by
JSON, are also supported by GeoJSON. The difference be-
tween JSON and GeoJSON is that the key naming of each
array element in GeoJSON has to follow certain guidelines. It
is because the structure of GeoJSON follows the international
standard published by OCG. GeoJSON has a specific function
to support geographical data with a standardized format. It
defines several types of JSON objects and the manner in
which they are combined to represent data about geographic
features, their properties and their spatial extents. GeoJSON
uses a geographic coordinate reference system, World
Geodetic System 1984 (WGS 84). As just explained,
GeoJSON is a JSON format to store and exchange spatial data
e so can be imported in ArangoDB.

As an RDF graph database is used, it requires to
define both nodes (subject and object) and the linking
edges (predicates). First of all, GML format is consti-
tuted by elements between one start-tag and one end-tag
(Fig. 6). Tags represent the kind of element that is be-
ing saved between them: for example they are the on-
tological names of the element. An element could be
empty, have information concerning the element or have
other nested elements (called child elements). An attri-
bute is a name–value pair placed after the start-tag.

In order to create ArangoDB–RDF graph from GML for-
mats (CityGML and IndoorGML) the main hypotheses are
listed below:

& An empty initial node is created to which all main ele-
ments are linked. It helps to have a connection between
all main elements of the model.

& Each tag is translated as an edge that links two nodes.
& Nodes store the information concerning the element or its

attributes. If it only has nested elements, it will be an
empty node.

& The attributes of a tag are saved in the document or node
that acts as object (child node).

& If the attribute “gml:id” exists, it is used to define the
document identifiers through the ArangoDB keyword:
“_key.” Every document in a collection has a unique
identifier.

& If the attribute “xlink:href” exists, it is translated as an
edge that links the parent element to the object at which
it refers.

& The geometry is translated to GeoJSON format and saved
in the child node.

In order to import data in ArangoDB, data must be translated
to JSON format.While any useful software has not been found to
carry out this transformation, a script in Python (Python 2018)
has been developed. It uses XML library for reading the file and
OGR library (GDAL 2019) for translating GML geometry to
GeoJSON. Its outputs are two collections in JSON format for
each model transformed: the edge collection and the document
(vertex) collection. In this way, ArangoDB can read them as
individual documents and assign them a unique identifier (if it
is not defined with “gml:id” attribute). The script is based on
schema less conversion. For example, it only reads the data mod-
el without checking the schema structure. However, it can be-
come tedious and prone error whenGMLhasmany abstract type
elements contained in the schema. XML schema defines that
abstract types cannot be called from models or other schemas.
So, they will not be defined neither in the data model nor in the
graph database, while they will be shown in UML diagram. For
instance, “_AbstractBuilding” does not appear in the graph dia-
gram in Fig. 7.

As previously said, the initial node is empty and refers to all
CityGML model. In this example, only one building defined
by one geometric and one generic attribute composes the
model (Fig. 7, right). The predicates, or edges, are the names
of the schema objects that are not GML abstract elements.
Thus, following this representation, firstly appears the predi-
cate “Buildings,” which defines the element type. The object
of the first triple contains the building ID (i.e., the vertex after
the edge with predicate “Building”). The geometry, inside the
building element, is determined by other triple. The UML
diagram (Fig. 7, left) shows different ways to define the ge-
ometry. In this case, there is a “lod1MultiSurface” element
that can be identified in the graph. It composes the final triple
of this example, where the subject is the node of the building,
the predicate is “lod1MultiSurface” and the object will be the
geometry itself.

Figure 8 shows the base schema of process used by the
Python script. It takes into account the hypothesis shown pre-
viously and creates the JSON file following this procedure:

1. Read GML model as if it was any XML document and
create the initial empty node to which all the main model
elements will be linked.

2. The elements from the file are read and stored in memory.
Most of them are processed following the same method,
but there are some special cases where they require a
different treatment. Mainly, these are included in
IndoorGML and are listed below:
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& Cellspace element. It is part of IndoorGML model, and it
is referred to a CityGML building through its ID.

& Duality element. It is part of IndoorGML and it creates a
connection between a Cellspace and a State from a linking
element using its ID. In this case, it is a vertex from the
roads.

& Attributes elements. They are part of CityGML generic
attributes and allow creating special attributes. They are
saved in a document, linked to the parent element using

the tag-name and saving the data in the document using
the property name “value.” If tag-name attribute is de-
fined, it is also stored.

If there are not any special cases, the elements pass the
same process. Tag attributes (if they exist) are saved in the
document that has been previously created. Then, the script
checks the existence of nested elements. If the next nested

Fig. 6 One CityGML Building object with a generic attribute and its transformation to GeoJSON file. Above the definition of vertices and edges file,
down the graphic representation of the relations

Fig. 7 Comparison between UML schema of CityGML and Graph database. The abstract element AbstractBuilding does not appear in the graph at right
because it cannot be created in CityGML model due to GML language specification
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element contains the geometry, then it is translated to JSON
and saved in a new document linked by an edge, which its
name is the same name of the tag element. The geometry
names in CityGML can be seen in its schema and mainly
depends of the LOD referred to.

In order to allow linking all elements, a key value is
assigned to every document created, using the “gml:id”
namespace, if the actual element does not have an ID code.
The edges are defined by the key words “_from,” which is the
ID of the parent document, and “_to,” which is the ID of the
actual document. The edge also stores the tag name, which
represents the predicate in RDF, inside a string with name
“_predicate.” It creates a new value that is not part of any other
ontology. To solve this, the predicate could be the name of the
document collection. But this option would create an enor-
mous quantity of files: one file for every kind of element.
The visual management of this database would become more
difficult and more complicated.

ArangoDB graph database

The result of the last procedure described creates two JSON
files for each model that can be imported in ArangoDB. One

of them refers to a document collection, while the other one
makes a reference to an edge collection.

Referring to the urban model of the case study, in order to
carry out a simple and explanatory analysis, only buildings
and roads were considered. The number of building features
in the selected area is 876, whereas the number of road fea-
tures is 84. One CityGML and one IndoorGML model were
constructed based on available cartography and then encoded
in JSON format. CityGML occupies 4.3MB of disk space and
IndoorGML 0.9 MB.

The CityGML model encoded in JSON creates a total of
48,831 documents in 4MB of disk space, and 48,832 edges in
5 MB to link that documents. The documents created with
IndoorGML case are 12,133 in 0.5 MB and 19,905 edges in
2.2 MB. It shows that IndoorGML is mainly used to create
links among CityGML objects because of the higher number
of edges in relation with documents.

A graph centred in one building is shown in Fig. 9. This
graph shows in vertices the value of _key field and along the
edges the value of the created _predicate field. At the centre of
this graph is represented the vertex with Building217 as _key
value (which it is the same ID in the GIS model). Most of the
vertices around it are of the same collection, i.e. from
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ini�al node

Create 
document 
and edge
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YES
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Fig. 8 Script workflow
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CityGML model, but those placed at right most are from
IndoorGML collection. This central node represents a build-
ing because it only acts as object in one triple considering only
CityGML collection. Also is easily visible that it comes from a
predicate cityObjectMember, which is the first element of a
CityGML.

Every element in the model is always connected to others,
so the graph is more extended than shown in Fig. 9.
Navigating through the graph model and reaching any
searched element is possible using ArangoDB Query
Language (AQL). In addition, it allows to carry out queries
to see, for instance, which buildings are in a determined route
without using any geometrical operation.

To move from one element to another all paths must be
previously defined. These paths would be based on predicates
and logical relations between elements. Although there are
solutions in ArangoDB to search using the shortest path, but
sometimes it could report a not correct one. For instance, in
this model there are always a minimum of two paths to arrive
from one point to other one.

Conclusions

Data modelling and management software, related to
geomatics, urban planning, project management and
many others, represent today a fundamental tool in both
working and research fields. However, the exchange of
data between information systems is still a huge chal-
lenge, while, if possible, it could bring enormous bene-
fits to those who work with them.

It becomes necessary to find a solution where data interop-
erability is lacking, that can be replicated by everyone. This

could be possible using tools already standardized and acces-
sible to everyone, which means basing on defined and known
schemas and ontologies. For this reason, it becomes essential
to go through CityGML, as it helps the designer to build a
standardized ontology. Different tests, to prove the interoper-
ability between information management system, have al-
ready been presented by other researchers moving in both
directions, especially focusing from GIS to BIM. They try to
integrate both spatial and non-spatial data basing on the defi-
nition of domains or ontologies, and sometimes using seman-
tic web technology.

The work carried out in our paper aims to create a new
enriched model, compared with the standard GIS one and
demonstrates that it could be possible to interoperate those
modified data towards a new unified data model without los-
ing any information. To do so, we decided to create connec-
tions between different elements of the urban model in GIS
allowing the interaction among them. This implicates that the
formulation of queries is based specifically on these relations,
and not only the geometrical elements. We adopt the use of
CityGML and IndoorGML schema, but also other standard-
ized format could be selected and added. The graph database
represents a useful tool to collect all kind of data, converted in
JSON formats or similar, creating RDF triples that connect all
the elements and their attributes. The graph database preserves
the ontologies during the various data conversions, and it turns
out to be a powerful tool in order to improve considerably the
performance of data management. Graph databases can query
the files contained in them through the new defined ontolog-
ical schema and basing on the relations created between the
nodes.

The work develops the possibility to converge every-
thing that was originally a GIS system in a graph data-
base, based on NoSQL technology. This methodology
improves the way in which the identification of affected
areas by restoration works of a building is made. It
allows making better analysis of operational decisions
such as traffic affections, space requirements, affected
neighbours and planning alternative routes. Keeping a
standardized ontology helps to teammates in planning,
managing and operate the building site. Or even to all
stakeholders associated to the project as could be the
public administration.

Moreover, this research test leaves open the possibility
to import BIM data in the same graph database and so to
join both GIS and BIM models in the same semantic web
environment. To do so, there are many related works
which show how to create a unified model which allows
to link data (Volk et al. 2014; Song et al. 2017), for
instance how to build a common ontology BIM-GIS and
eventually how to export data in IFC format that can be
successively import in BIM environment. Therefore, in

Fig. 9 Part of the ArangoDB graph representation for the CityGML
included
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this paper we try to represent a basic approach that can be
replicated in other case studies.
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