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Abstract

Urbanization and anthropization are dynamic and multifaceted change processes
with strong impacts on our societies. To confront the increasing need for under-
standing these processes, data-driven approaches such as urban digital twins and
smart city applications have become powerful solutions to model, visualize, and
navigate the complex urban landscape and lifecycle. Often, these approaches rely
on integrating these urban data, which consist of a variety of different information
from different actors and organizations. In this context, urban data integration is a
process that combines heterogeneous urban data from these information domains to
create more complete data views of the urban landscape and its evolution for the
user. To provide these views, the integration process must take into consideration
both the heterogeneous nature of this data and its n-dimensional (nD) characteristics
(i.e., 2D, 3D, time, semantics).

The aim of this thesis is to propose a robust semantic and approach to data inte-
gration based on standards and models, where the conceptual models underlying
the different data sources are preserved. Instead of using direct data conversion,
we propose a model-driven methodology to ensure that, for a given application, all
the information that can be represented by a given standard will be available to
the application, even if the standards and the data models they define implicitly
evolve. In this thesis, we focus on nD urban data—and in particular, on 3D and
temporal urban data. Building a robust semantic model is challenging, as choosing
an expressive semantic model requires a good understanding of the different types
of information that can be represented by the various sources and the standards
to which they belong. Also, automated mapping of conceptual model information
has a number of limitations. By considering heterogeneous constantly evolving
nD urban data standards, our aim is to be able to ensure data interoperability and
the possibility of integrating this data with other, related open data. This proposal
also aims to improve access to geospatial data on the web, while guaranteeing its
integrity and access.
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Résumé

L’urbanisation et 'anthropisation sont des processus de changement dynamiques
et multiformes qui ont de fortes répercussions sur nos sociétés. Pour répondre au
besoin de comprendre ces processus, les approches fondées sur les données—telles
que les jumeaux numériques urbains et les applications de villes intelligentes—sont
devenues des solutions puissantes pour modéliser, visualiser et naviguer dans le
paysage et le cycle de vie urbains complexes. Souvent, ces approches reposent sur
I'intégration de ces données urbaines, qui consistent en une variété d’informations
provenant de différents acteurs et organisations. Dans ce contexte, I'intégration des
données urbaines est un processus qui combine des données urbaines hétérogénes
provenant de ces domaines d’information afin de créer des vues de données plus
complétes du paysage urbain et de son évolution pour l'utilisateur. Pour fournir ces
vues, le processus d’intégration doit prendre en compte a la fois la nature hétérogéne
de ces données et leurs caractéristiques n-dimensionnelles (nD) (i.e., 2D, 3D, temps,
sémantique).

L’objectif de cette thése est de proposer une approche sémantique évolutive de
l'intégration de données basée sur les standards et des modeles, ou les modéles
conceptuels sous-jacents aux différentes sources de données sont préservés. Au lieu
d’utiliser une conversion directe des données, nous proposons une méthodologie
fondée sur un modele sémantique garantissant que, pour une application, toutes les
informations pouvant étre représentées par une standard donnée seront disponibles
pour 'application. Une approche basée modele permet de garantir que 'application
peut utiliser toutes les informations exposées par I'une de ces sources de données,
méme si les standards et implicitement les modéles évoluent. Nous nous intéressons
dans cette thése aux données urbaines a n-dimensions et en particulier aux données
urbaines 3D et temporelles. La construction d'un modele sémantique évolutif est un
défi, car le choix d'un modele sémantique expressif nécessite une bonne compréhen-
sion des différentes informations qui peuvent étre représentées par les différentes
sources et les standards dont elles relevent. En outre, la mise en correspondance
automatisée des informations du modele urbain avec le modéle sémantique proposé
présente plusieurs limites. Egalement, 'évolution automatisée du modéle séman-
tique, avec l'intégration de nouvelles sources de données ainsi que de nouvelles
versions des standards de données associées en raison d’évolutions continues né-
cessite une solution générique. En considérant plusieurs standards de données, en
constante évolution, pour représenter des données urbaines en n-dimension souvent
hétérogenes, notre objectif est de pouvoir assurer l'interopérabilité des données et
la possibilité de les intégrer a d’autres données ouvertes liées. Cette proposition



vise également a améliorer 'accés aux données géospatiales sur le web tout en
garantissant leur intégrité et leur acces.
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Context

Urbanization and anthropization are dynamic and multifaceted change processes
with strong impacts on our societies. According to 2018 UN estimates [ 1,
2007 was the first year in human history when more of the world’s population
resided in urban regions as opposed to rural ones. The same estimates expect this
trend to continue to rise to 68% by 2050. With the increasing availability of open
urban data [ ], data-driven approaches such as smart city applications and
urban digital twins [ ; ; ] have become powerful solutions to help
understand urbanization and improve sustainability and quality of life in the urban
environment [ 1.

In this context, the “smart” city is one capable of monitoring various aspects of the
city (such as pollution, transportation, waste management, poverty, energy, housing
availability, etc. ...), digitally capturing this information, and using it to digitally
advise governments and citizens in decision-making and facilitate automation in
these urban areas [ ; ; 1. Today cities such as London (UK), New
York (USA), and Paris (France) are implementing technologies such as Internet of
Things (IoT) devices for capturing this information through sensors and transporting
it through energy-efficient communication networks [ ]. Additionally, cloud-
based data centers can be used for data management processes (such as data storage,
processing, fusion, and analysis) before being exploited in smart city applications
and systems [ ]. Recently, the use of urban digital twins have been proposed as
approaches to smart city applications [ 1, for example in Zurich, Switzerland
(figure 1.1).

The term digital twin originates from product lifecycle management [ 1 where
a digital model (the twin) of a physical product or system is created to be able to
monitor, test, and simulate different phenomena over the course of the product’s
lifecycle [ ]. The urban analog of this concept is the Urban Digital Twin
(UDT). In this context, the twin of a physical city or urban space is often composed
of a geospatial 2D or 3D model and standardized semantic (or thematic) urban
data [ ; 1. As sensors, surveying teams, administrative entities record
changes in the urban landscape, these virtual models are updated (or “retwinned”).



1

Over the evolution of both twins (physical and virtual), virtual processes’ can be

applied to the digital twin to measure or simulate the effects of different urban

phenomena [Bat18].

Figure 1.1.: Established applications of the “City of Zurich” Digital Twin: noise propaga-
tion (top left), air pollution (top-center), mobile phone radiation (top right),
solar potential estimation (lower left), and construction project visualization
(bottom-right) from Schrotter and Hiirzeler [SH20].

When implementing these data-driven approaches, taking into consideration the
underlying n-Dimensional (nD) characteristics of urban data is crucial for creating
integrated views of the evolving urban landscape for end-users. For a long time, 2D
maps, aerial photographs, and cadastral views have been used to manage the urban
lifecycle. With the increasing availability of 3D data, thanks to new data acquisition
methods (LIDAR, photogrammetry. .. ), many applications are now possible with 3D
urban data [Bil+15]. In addition to spatial information, some 3D urban data models
require taking into account a temporal dimension (4D) to represent the changes of
cities as they evolve over time [CK19; JSG20; SSG20].

These spatio-temporal (4D) models help historians and urban planners in particular
to visualize and contextualize the impact of past key projects on the development of
a city. Such studies may require the integration of urban models with a corpus of
documents consisting of project plans, newspaper articles, archives, social media
posts, etc. Integrating urban data stored in these different data formats or structured
according to different data standards requires taking into consideration an abstract
‘n-th’ dimension. This dimension refers to the semantic or thematic information
used to define the meaning and structure of urban data as opposed to spatial and

These processes may also include realizing real-world events such as signaling an update to a traffic
light or adjusting the temperature of a building.
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temporal information [Jai+21], as shown in figure 1.2. Defining the semantics of
urban data is usually done by proposing data standards which may contain common
vocabularies and data transfer formats like, for example, the CityGML? standard for
creating semantic 3D city models [GP12].

Semantic Semantic
-==dink-----__ A
Temporal » Temporal
Spatial Spatial
Feature 1 Feature 2

Figure 1.2.: An example of relating two representations of the same geospatial feature (real-
world object or phenomena) in nD space (4D spacetime + semantic/thematic
space) through a link (adapted from Jaillot et al. [Jai+21]). A real-world
phenomenon can have spatial and temporal properties (i.e., where and when
the representation exists) as well as semantic or thematic properties (i.e., who
or what the representation is).

To ensure that the nD urban data are diffused in interoperable and uniform manners
by data providers, different international organizational bodies (OGC?, ISO*, W3C®,
OMG?®. ..) and research works may propose data standards or extensions of existing
standards (for example, those illustrated in figure 1.3). These data standards may be
composed of normative and informative documentation in natural language. In this
context, documentation can define how data conformant to a standard should be
structured and the semantic meaning behind different concepts and vocabulary used
in the standard [PB11]. In addition, data standards may contain data models (for
defining the abstract structure of data conformant to the standard) and data schema
(for formally defining the structure of data in a machine-readable manner) [Kut16].
Data models and data schema can contain or may be supplemented with domain-
specific rules for constraining data to be conformant to said model or schema [SM.J02].
Also, standards may propose rules to define how formal data schema should be
derived from abstract data models as encoding rules [Kut16].

https://www.ogc.org/standard/citygml/
*https://www.ogc.org/
“https://www.iso.org/home.html
Shttps://www.w3.0rg/
®https://www.omg.org/
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Figure 1.3.: A non-exhaustive illustration of different urban data standards and the interna-
tional data standardization organizations that propose them.

Although data standards are used to create and share data in interoperable manners,
many open urban data producers do not reuse the same data standards or propose
their own internal, application-specific data structures and vocabularies [Bar+ 14].
This lack of standard reuse in open urban data is in part due to a demonstrated
lack of cross-domain collaboration between governmental departments and research
communities from different domains of urban information and is a cause of the rise
of domain-specific data silos [Urb18]. These issues may also occur as data standards
themselves evolve over time and older datasets are not forward compatible with
newer iterations of the same standard. Resolving the interoperability gap between
these data silos has led to the creation of international Spatial Data Infrastructures
(SDI)—such as the INSPIRE initiative in Europe [TSD12; Bri18]. It is also one of the
biggest technical challenges to the creation and maintenance of urban digital twin
applications [Lei+23].

In this context, urban data integration is a process that combines multisource urban
data from these heterogeneous information domains to create more complete views
of the urban landscape and its evolution for the end-user [Tra+16]. To provide views
in an interoperable manner, the integration process must take into consideration
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1.1

existing urban data standards and their n-dimensional characteristics. The following
section precisely defines the urban data integration problems and research questions
addressed by this thesis.

Problem statement and research questions

In general, data integration requires confronting a wide variety of challenges. In the
domain of nD urban data, this section identifies the two overarching problems this
thesis proposes to resolve. First, diverse types of heterogeneity may occur amongst
different nD urban data sources are identified. Second, data transformation or
conversion processes (also referred to as data materialization [ 1) are often
utilized for urban data integration. However, these processes may risk semantic data
loss as highlighted by Lei et al. [ ]. This section also presents several research
questions that arise from the identified problems.

P1: Interoperability gaps between heterogeneous (urban) data standards
makes reusing these standards difficult.

As is the case in most domains of urban information, heterogeneity with respect to
urban data can take many forms and may require combining different integration
approaches to resolve. To define heterogeneity, this thesis refers to Kutzner [ ]
who synthesizes five different types of information heterogeneity from Leser, Nau-
mann, et al. [ ] and the international ISO 19101 standard [ ]: semantic,
technical, syntactic, structural/schematic, and data model. This thesis focuses on
confronting three of these types (illustrated in figure 1.4):

P1.a: Semantic This heterogeneity refers to the meaning or interpretation of infor-
mation [ 1. The intended semantics of a data model are often defined
using natural language specification [ ]. Semantic heterogeneity can ap-
pear when different data models define the same information using synonyms
(e.g., two transportation data models that use the word Road and Street to refer
to the same real-world phenomena) or different information using homonyms
(e.g., the word Pollution to refer to noise pollution in one data model and air
pollution in another).

P1.b: Structural/schematic This heterogeneity can appear when identical infor-
mation is defined using different data structures from the same data modeling
paradigm [ ]. e.g., in an object-oriented data model, using a character

1.1 Problem statement and research questions



P1.c:

string to store the type of geospatial feature as opposed to instantiating some

enumeration.

Data model This heterogeneity can appear when different data models define
identical information [Kut16]. This commonly occurs when data models of
the same information are created using different modeling paradigms. e.g.,
modeling information using classes and associations from an object-oriented
modeling paradigm as opposed to tables in a relational database modeling
paradigm.

A real-world factory

Semantic heterogenenity ——

Structural heterogenenity ——=

Model heterogenenity ——

N

/

defines ; defines
/ |
<<Class>> <<Entity>> <<Class>>
Building ‘ Factory | |..---- > Height
stories: UserStory stories: Integer ,." height: Integer
height: Integer =t height: Height <-----"~ unit: String
Data Model A E Data Model B

Figure 1.4.: An example of semantic, structural/schematic, and model heterogeneity be-

tween two models of the same real-world concept expressed with UML. Both
models feature semantic heterogeneity twofold: through their use of the words
Building and Factory to describe the same concept, and through stories to refer
to two different concepts—a story of some type “UserStory” (left) and the num-
ber of physical building stories as an integer (right). Structural heterogeneity is
exemplified through how height data is stored. The left model uses an attribute
with an integer value, while the right implements an attribute referencing a
class with its own height attribute. The last and most esoteric example is of
data model heterogeneity. The left model defines the concept Building, with
the UML-native class stereotype. The right model uses the stereotype, entity, a
modeling concept that originates from different languages such as EXPRESS
and is used similarly to UML classes.

These types of heterogeneity may occur for several reasons and as previously stated,

can even occur between different versions of the same data model. Different domains

of urban information use different vocabularies and different interpretations of urban
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phenomena. Even time itself can be structured differently depending on the needs
of a data integration use case [ ]. Each different type of heterogeneity can be
viewed as a sub-problem of heterogeneous data integration. To understand how
these sub-problems can be resolved in the context of nD urban data integration,
different aspects of these data models and the data that conform to them must
be taken into consideration, such as data modeling paradigm, language, model
structure, level of model abstraction, data transfer formats, model semantics, etc.
These concepts and their impact on nD urban data integration are explained in
further detail in chapter 2.

P2: Data transformation between data standards may risk data loss, limiting
the reusability of the transformed data.

Transforming or converting data from one standard to another is a common approach
in urban data integration within the context of creating and maintaining urban
digital twins [ 1. This is sometimes referred to as ETL (Extract-Transform-
Load), a term that originates from data warehouse integration [ 1. Regarding
(geo)spatial urban data, these approaches are sometimes referred to as spatial or
semantic ETL [ ; ; ]. Many of the types of heterogeneity high-
lighted in the previous problem also occur when applying transformation approaches,
and furthermore, the loss of semantic data (P1.a) during transformation has been
identified as a barrier to the adoption of urban digital twin applications [ 1.
For this reason, data transformations must also consider the underlying data model
(and data format) of the data to be transformed. This can reduce data loss [ ]
and consequently retain interoperability with existing standards after transformation
and improve the reusability of transformed data.

Research questions
The problems from section 1.1 give rise to the following research questions that
direct the work presented in this thesis:

* RQ1: How can nD urban data integration approaches ensure that urban data
standards can be easily reused, even as these standards evolve?

* RQ2: How can data loss be limited when transforming data between heteroge-
neous nD data formats?

1.1 Problem statement and research questions



* RQ3: How are model-driven transformation approaches affected by models at
different levels of abstraction?

1.2 Research context

10

Within this greater context, this thesis is funded by the Université Lumiére Lyon 2 and
takes place within the VCity research project” which explores scientific bottlenecks in
the domain of 3D urban data integration, city evolution, digital city representations,
and tools for visualizing and analyzing the evolving urban landscape. The VCity
project and the research effectuated during this thesis also endeavors to collaborate
with standardization organizations such as the Open Geospatial Consortium to
further creation of urban data standards to meet the demands of experts from
different urban data domains in academia, industry, and government. In addition,
the project develops open-source tools within the UD-SV (Urban Data Services and
Visualization) framework [ ] to provide 3D urban data analysis tools for
researchers and industry.

The objective of this thesis is to propose a standards-based model-driven approach for
integrating nD urban data, where the conceptual models underlying the heteroge-
neous urban data sources are used to preserve the interoperability of data during
transformation. This approach endeavors to be reusable for a wide variety of existing
urban data standards, even as new standards are proposed, and these standards
evolve over time. In addition, this thesis investigates how urban knowledge graphs
can provide interoperable data formats to provide a basis for interoperability in
the integration of n-Dimensional urban data. The final objective of this thesis is to
ensure that urban data integrated through this approach can be easily reused by
urban data-driven applications such as urban digital twins to provide users with
more complete views of the evolving urban landscape (figure 1.5). The realized
contributions of this work are denoted in the following section.
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Figure 1.5.: An illustration of the different users and actors involved in the production
and utilization of standards and standardized multisource nD urban data. In
addition, this diagram shows an overview of how these standards and data
are used by the proposed nD urban data transformation and visualization
components (UD-Graph and UD-Viz, components of the UD-SV framework) to
provide these users with integrated views of these data.

1.3 Contributions

Over the course of this thesis, the following scientific and technical contributions
have been realized:

C1: Formalization of nD urban data models from evolving standards

To partially respond to RQ1 and RQ3, several ontological nD urban data models
are formalized based on the CityGML® standard (a widely adopted OGC standard
for creating 3D semantic city models [GP12]). At the time of writing this work,
version 3.0 of the CityGML standard has been published by the OGC including
an GML specific encoding. This work proposes two model-driven transformations
(contribution C5 below) of the different modules of the CityGML 2.0 and 3.0
conceptual and schematic data models towards expressive, formal knowledge graph
languages and formats for formalizing new interoperable representations of these
evolving standardized data models. The first data model (contribution C1.a) is

8https://www.ogc.org/standards/citygnl

1.3 Contributions 11



12

created from less abstract XML Schema while the second data model (contribution
C1.b) is based on geospatial UML to OWL transformation standards (ISO 19150-
27). The formalized data models reuse Semantic Web standards such as SKOS'°,
OWL-Time'!, and GeoSPARQL'? to increase their interoperability across information
domains.

C2: Formalization of data model extensions for navigating concurrent
scenarios of urban evolution

Data model extensions are often proposed when existing standards are insufficient
for structuring data in specific urban use cases or information domains [ ]. To
complement contribution C1, and better understand how this integration approach
can be applied to extensions of data models, this work proposes model-driven trans-
formations of these extensions that can be executed in parallel with the proposed
transformations in C1. Ontological extensions to the proposed nD urban data models
are also formalized using this method. In particular, an ontological model based on
the Workspace CityGML Application Domain Extension (ADE) [ ] is integrated
using this approach for representing concurrent and parallel scenarios of urban
evolution.

C3: Formalization of rules for validating scenarios of evolution of the urban
landscape

To complement the formalized data models (C1) and their extensions (C2), and
respond to RQ2, logical domain rules for structuring and implementing data con-
formant to these models are also formalized. When integrating standardized data,
these rules can be used to validate that data integrated by transformation and con-
version techniques or existing data are conformant to their original data standards.
For this, rules are proposed for validating basic temporal relations (contribution
C3.a) between temporal entities such as instants and intervals of time. In addition,
an existing ruleset from the CityGML Workspace ADE [ ] is reformalized for
validating concurrent viewpoints of urban evolution (contribution C3.b). To be
able to exploit these rules alongside the formalized ontological data models they

10
11
12
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constrain, rules are formalized in machine-readable Semantic Web formats such as
SWRL'3.

C4: Development of a model-driven data transformation workflows

To respond to RQ2 and RQ3, several modular data transformation workflows are
proposed through UD-Graph, a data integration tool (as a component of the UD-
SV framework). UD-Graph contains a set of transformation and nD urban data
validation tools. These tools can be used to orchestrate transformation workflows
(or data transformation pipelines) for geospatial data from XML formats to RDF
formats and validate the transformed data. The transformations effectuated by
UD-Graph take into consideration XML and RDF geospatial data standards during
transformation (GML, and GeoSPARQL) (contribution C4.a). These model-driven
workflows can also use OWL ontologies created from UML to OWL transformations
to enable data integration based on more abstract UML models (contribution C4.b).
After transformation, constraints and rules from the data model can be used to
validate the conformity of the transformed data to their original data models. To
effectuate this validation activity in a reproducible manner, a proof-of-concept test
suite was added as a component of UD-Graph (contribution C4.c). These tools and
workflows are used to produce contributions C1-C2.

C5: Production of nD urban datasets from real-world open data

Additionally, to respond to RQ1-3, open CityGML data from the metropole of Lyon,
France was transformed using the formalized CityGML 2.0 and 3.0 ontological
models and UD-Graph transformation workflows. This data captures snapshots of
the different districts of the Lyon metropole at different instances of time (2009,
2012, 2015, and 2018). Using the constraints of the ontological model and logical
rules proposed in C1-3, these data were validated as conformant and logically
consistent to the CityGML model and its relevant extensions. In particular, several
datasets were transformed including 3D city models of the 1st arrondisement of
Lyon (contribution C5.a), the campus of ‘La Doua’ of Villeurbanne (contribution
C5.b), and the ‘Gratte-Ciel’ neighborhood of Villeurbanne (contribution C5.c).

13
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C6: Demonstration of nD urban integration applications for navigating
amongst scenarios of evolution

To further respond to RQ1-3 (but especially RQ3) and demonstrate how this integra-
tion approach can be implemented in conjunction with other data materialization
approaches and in different nD urban data integration contexts, several nD urban
data web applications are developed. These applications provide users with methods
to visualize and navigate the ontological data models, their extensions, and their
conformant data integrated and validated using the previous contributions C1-5. To
integrate this nD urban data in a manner that facilitates the exploitation of its spatial,
temporal, and semantic components multiple transformation workflows are utilized
based on the needs of each application. These workflows include transformations
from UD-Graph in concert with other transformation approaches such as those
proposed by Pédrinis et al. [ 1 and Marnat et al. [ ]. The proof of
concept demonstrations are proposed as extensions of the UD-Viz (Urban Data Visu-
alization) framework for creating web applications for visualizing and interacting
with geospatial 3D urban data [ ; ]. Additionally, the demonstrations
are publicly available as well.

C7: Reproducibility

Containerization technologies (e.g., Docker containers) and code archives such as
Software Heritage are used to ensure the works proposed during this thesis are
accessible and reproducible. Containers are used to encapsulate each step of the
proposed nD urban data integration workflows (UD-Graph) and proof of concept
demonstrations (UD-Viz).

C8: Contributions to the CityGML 3.0 GML Encoding

As a part of this research, contributions were also made to the CityGML 3.0 GML
Encoding'* Sub-Working Group (SWG) of the OGC. These contributions take the
form of participation in discussions and editing of the encoding documentation and
the creation of example datasets for demonstrating how evolving urban data can be
structured according to the standard.

14
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1.4 Outline

The rest of this work is structured as follows:

Chapter 2 introduces key concepts in data modeling and their use in the domain of
geospatial and spatio-temporal urban data.

Chapter 3 presents a literature review of the various kinds of nD urban data consid-
ered in this domain, applications of nD urban data integration, different approaches
in integrating these data, and what knowledge or information gaps exist in the state
of the art.

Chapter 4 presents the proposed approach used to integrate 3D urban data models
and datasets through model-driven transformation based on physical data models.

Chapter 5 presents the proposed data integration methodology—complementary to
the work proposed in chapter 4—relying on model-driven transformations based on
conceptual data models. In addition, this chapter presents basic rules for validating
temporal relations of urban data.

Chapter 6 presents several technical contributions developed during the course
of this thesis including applications of the proposed integration methodology and
data standardization contributions to the CityGML data standard from the Open
Geospatial Consortium.

Finally, chapter 7 concludes the research proposed during this thesis with a synthe-
sis of the contributions and a discussion of the future research directions of this
research.

1.4 Outline 15






2.1

N-dimensional modeling of
the urban environment

As introduced in section 1, nD urban data is structured according to a variety
of data standards for digitally representing urban phenomena through the spatial,
temporal, and semantic dimensions. To understand how data standards and research
works define the structure and semantics of the data that conforms to the standard,
this chapter introduces and describes key concepts in geospatial and temporal
data modeling and data standardization, and provides a literature review of their
application in modeling the evolution of the urban environment. The chapter is
structured as follows: section 2.1 defines what data models and metamodels are,
their characteristics, and how they are generally used in the geospatial research
domains to define the meaning and structure of data; section 2.2 introduces the
fundamental concepts of ontological modeling in developing interoperable urban
data models; section 2.3 introduces different approaches in modeling changes over
time in geospatial and urban data contexts; section 3.4 briefly synthesizes the content
presented in this chapter.

This chapter and the rest of this dissertation uses the namespace prefixes listed in
appendix C.1.

Data modeling and data models

Models are used in computer science in both academia and industry as methods
for abstracting and decomposing complex problems and real-world systems. Born
out of mathematical models like set theory, data models have seen widespread
adoption for these purposes since the early 1970s—such as the relational model
from Codd [ 1, or the entity-relational model from Chen [ ]. Originally;
these models were implemented in the domain of database development. More
recently, these models are used as a basic practice in data standardization to define
the structure and meaning of data (i.e., semi-structured and structured data) in
addition to real-world phenomena.
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In geospatial research domains (in addition to many other fields in philosophy and
mathematics [Kut16]) what is being modeled—for example, a specific system or
some broader domain of information—is sometimes referred to as the universe
of discourse, domain of discourse, or domain of interpretation [GOS09; 1SO14].
The ISO 19101 standard for modeling geographic information defines the term
Universe of Discourse (UoD) as a “view of the real or hypothetical world that
includes everything of interest” [ISO14]. The UoD is typically considered something
that cannot be modeled in a universal manner as there are potentially infinite
interpretations of a UoD [GOS09]. Accordingly, data models define the structure and
semantics of data instances (or data), which in turn are used to represent real-world
objects and phenomena from a UoD as shown in figure 2.1.

formally
Abstract represented in Data
defined in Data Model Schema
Universe of defined in
discourse conformant to
represented by
Data

Association —

Figure 2.1.: The relationships between a universe of discourse, an abstract data model, and
data (adapted from [Kut16]).

Furthermore, data models can describe or define data at different levels of abstrac-
tion. Typically, three levels of abstraction are used in database modeling: conceptual,
logical, and physical [Avi91]. At the conceptual level, data is abstractly defined
with a conceptual data model without taking into consideration physical hardware,
data formats, or database architectures. The logical level uses less abstract logical
data models that take into consideration the intended information systems data
are stored in (e.g., a relational database) [Avi91]. Logical data models are often
constructed by refining an existing conceptual data model [Avi91]. At the physical
level, description languages can be used to define, physical data models (or data
schema as shown in figure 2.1) which take into consideration specific data formats
or database architectures (i.e., SQL definitions of tables).

Kiihne [KiihO6] notes that the word ‘model’ can be applied to data models as well
as data. For example, in geospatial and urban information domains, digital 2D and
3D city models are composed of data (see figure 2.2). Conversely, a building data
model may classify the different concepts relevant to the structure of buildings (see
figure 2.2). To distinguish between these two implementations of the word ‘model’,
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this dissertation uses the term 2D/3D model to refer only to data. Additionally,
references to 3D, 4D, or nD data models or schema do not refer to data instances.

A simple UML model of building structure
Building
A
r B
Wwall Roof Floor
Surface Surface Surface
defy wles
Roof
-—
represents \
\kWaH
'L—-—Floor
A real-world factory A 3D digital model of factory

(represented by an image)

Figure 2.2.: Example of different “models” of a real-world factory. In this context, a 3D
digital model of the factory (bottom right) represents the factory (bottom left).
The abstract building hierarchy (top) is a data model of both the factory and the
3D model of the factory. The factory image is taken from Commons [Com22].

The following section discusses how data are modeled and/or described using
modeling languages and description languages.

Language, formality, and syntax

In data modeling, there exist two types of languages: formal and informal lan-
guages [Kut16]. Formal languages are used to define unambiguous, machine-readable
models (like physical data models or schema). An example of informal language is
natural language (e.g., English, Japanese, etc.). Much like how natural language can
be used to communicate a model orally, formal languages can be used to digitally
store and share models. Atkinson and Kiithne [AKO3] states that a language is
composed of 4 elements:

Abstract syntax The concepts from which a model can be created. For instance, a
UML model is defined (abstractly) using the metaclasses from the UML model.

Concrete syntax A concrete rendering of these concepts. For example, a UML
model can be written down using UML notation [AKO3; 1SO14]. Concrete

2.1 Data modeling and data models
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syntaxes can be graphical (as is the case with UML notation) or lexical, e.g.,
XMI (XML Metadata Interchange) is an XML data format used to store UML
models. Data transfer formats may provide languages a concrete syntax.

Well-formedness Rules (or constraints) for applying concepts from the language.
In the case of UML, Object Constraint Language (OCL) is often proposed to
formally define logical rules on concepts defined in UML. Typically, logical
languages like first order logic can be used for this purpose.

Semantics Description of meaning in a model. Atkinson and Kiihne [ ] pro-
pose declaring the semantics of a model informally through natural language
specification.

Additionally, every modeling or description language exhibits some modeling paradigm
with different paradigms being suited for different applications in data modeling as
stated by Kutzner [ ]. Some of the earliest paradigms are the relational and
entity-relational (ER) paradigms as previously mentioned. This dissertation discusses
three paradigms of data modeling or data description languages in particular that
are often used in modeling and describing geospatial information.

Object-oriented The Object-oriented paradigm is one of the most widely used
modeling paradigms at different levels of abstraction. As discussed in [ 1,
this paradigm introduces the concepts of classes to define types of entities and
objects, the instances of classes. Associations define the relationships between
classes while attributes are the characteristics of a class. This paradigm also
introduces modeling concepts such as inheritance and cardinality.

The object-oriented paradigm is widely adopted by the OGC in geospatial
data specification through data modeling languages such as UML [ 1.
Standardizing organizations such as the OMG have utilized the object-oriented
modeling paradigm to propose data modeling frameworks (discussed in sec-
tion 2.1.2) and model-driven transformation approaches (discussed in sec-
tion 3.2.1).

XML XML (eXtensible Markup Language) is a description language for data on
the web [ ]. This paradigm introduces the element concept. In XML,
an element is a data instance which may contain attributes and other ele-
ments [ ]. These elements can be combined into hierarchical, tree-like
data structures. Additionally, each element is identified by a tag that is com-
posed of a namespace URL (that may be represented by a prefix) and a local
name. Listing 2.1 shows is an example of XML elements representing building
information. An element with the tag ns:City (composed of the prefix ns

Chapter 2 N-dimensional modeling of the urban environment



1
2
3
4
5

representing some URL namespace and the local name City) contains an
attribute id and child elements containing information regarding a building
and the building’s height.

<ns:City id="Sydney">
<ns:Building id="building_3">
<ns:metricHeight>6</ns:metricHeight>
</ns:Building>
</ns:City>

Listing 2.1: Example XML data defining representing a city and a building within the city.

XSD (XML Schema Definition) is the current language used to precise the struc-
ture of XML data (replacing Document Type Definition (DTD)). XSD uses 24
different concepts—sometimes referred to as ‘constructs’—with complexType,
simpleType, and being among the most commonly used to define the concepts
and hierarchical structure of XML data [ 1. A complex type defines an
element that may contain purely textual information or other elements, while
simple types may only carry text. Groups and AttributeGroups are used to refer
to declare predefined content of elements or attributes to be used in complex
and simple type definitions. SubstitutionGroup specifies elements that can
be used interchangeably and are generally considered to function similar to
inheritance in an object-oriented modeling paradigm [ ; ]. Also,
extensions and restrictions can be declared to specify what valid content an ele-
ments or XML datatype may contain. Compositors like xs:all, xs:sequence,
and xs:choice can declare what child elements an XML element may contain.
Finally, the semantic meaning of data can be stored in natural language using
the annotation construct [ 1.

Listing 2.2 contains an example of an XSD definition of the building XML data
in the previous example. The City element is declared as a complex type
(line 1) that contains the attribute group named "hasID" and the element
"Building". The "hasID" attribute group defines the attribute id (line 32)
and the Building element, which <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>