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Abstract

The study and understanding of cities evolution is an important societal issue,
particularly for improving the quality of life in an increasingly dense city. Digital
technology and in particular 3D city models can be part of the answer. Their
manipulation is however sometimes complex due to their thematic, geometric,
topological dimensions and hierarchical structure.

In this thesis, we focus on the integration of the temporal dimension and in the en-
richment with multimedia documents of these 3D models of the city, in an objective
of visualization and navigation on the web. Moreover, we take a particular interest
in interoperability (based on standards), reusability (with a shared software archi-
tecture and open source components) and reproducibility (to make our experiments
durable).

Our first contribution is a formalization of the temporal dimension of cities for inter-
active navigation and visualization on the web. For this, we propose a conceptual
model of existing standards for the visualization of cities on the web, which we
extend with a formalization of the temporal dimension. We also propose a logical
model and a technical specification of these proposals.

Our second contribution allows the integration of multimedia documents into city
models for spatial, temporal and thematic visualization and navigation on the
web. We propose a conceptual model for the integration of heterogeneous and
multidimensional geospatial data. We then use it for the integration of multimedia
documents and 3D city models.

Finally, this thesis took place in a multidisciplinary context via the Fab-Pat project
of the LabEx IMU, which focuses on cultural heritage sharing and shaping. In this
framework, a contribution combining social sciences and computer science has
allowed the design of DHAL, a methodology for the comparative analysis of devices
for sharing heritage via digital technology.



Resumé

L’étude et la compréhension de I'évolution des villes est un enjeu sociétal important,
notamment pour améliorer la qualité de vie dans une ville toujours plus dense. Le
numérique et en particulier les modéles 3D de villes peuvent étre des éléments de
réponse. Leur manipulation est parfois rendue complexe par la prise en compte
de leurs dimensions thématique, géométrique et topologique ainsi que de leur
structuration hiérarchique.

Dans cette thése, nous nous intéressons a I'intégration de la dimension temporelle et
a lenrichissement avec des documents multimédia de ces modeles 3D de la ville,
dans un objectif de visualisation et de navigation sur le web. Nous portons un intérét
particulier a I'intéropérabilité (en s’appuyant sur des standards), a la réutilisabilité
(avec une architecture logicielle partagée et des composants open source) et a la
reproductibilité (permettant de rendre nos expérimentations pérennes).

Notre premiere contribution est une formalisation de la dimension temporelle
des villes pour une navigation et visualisation interactive sur le web. Pour cela,
nous proposons un modele conceptuel des standards existants pour la visualisation
de villes sur le web, que nous étendons avec une formalisation de la dimension
temporelle. Nous proposons également un modele logique et une spécification
technique de ces propositions.

Notre deuxiéme contribution permet d’intégrer des documents multimédias aux
modeles de villes pour une visualisation et une navigation spatiale, temporelle et
thématique sur le web. Nous proposons un modele conceptuel pour I'intégration de
données géospatiales hétérogénes et multidimensions. Nous l'utilisons ensuite pour
l'intégration de documents multimédias et de modeles 3D de villes.

Enfin, cette these s’est déroulée dans un contexte pluridisciplinaire via le projet
Fab-Pat, du LabEx IMU, qui s’intéresse au partage de la fabrique du patrimoine. Dans
ce cadre, une contribution mélant sciences sociales et informatique a permis de
concevoir DHAL, une méthodologie pour I'analyse comparative de dispositifs pour le
partage du patrimoine via le numérique.
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Glossary

3D city model 3D city models are digital models of urban areas that represent
terrain surfaces, sites, buildings, vegetation, infrastructure and landscape ele-
ments in three-dimensional scale as well as related objects (e.g., city furniture)
belonging to urban areas. Their components are described and represented by
corresponding two-dimensional and three-dimensional spatial data and geo-
referenced data. 3D city models support presentation, exploration, analysis,
and management tasks in a large number of different application domains.
In particular, 3D city models allow “for visually integrating heterogeneous
geoinformation within a single framework and, therefore, create and manage
complex urban information spaces.” Source: Wikipedia'. 2-6, 8, 12, 104

city object Refer to types of features like buildings, parks, bridges, etc. composing
the city, such as usually defined in common urban data models (INSPIRE
[ 1, CityGML [ 1, IFC [ 1, etc.). A city object is a geographic
feature. 3, 5, 13, 61

cultural heritage “Cultural heritage is the legacy of physical artifacts and intangible
attributes of a group or society that is inherited from past generations. Not
all legacies of past generations are ‘heritage’, rather heritage is a product of
selection by society.” Source: Wikipedia® based on [ ]

Cutlural heritage is commonly divided in two categories: intangible cultural
heritage and tangible cultural heritage (e.g. by the UNESCO? or in [ D.
According to the UNESCO, tangible cultural heritage refers to “movable cultural
heritage (paintings, sculptures, coins, manuscripts), immovable cultural her-
itage (monuments, archaeological sites, and so on) and underwater cultural
heritage (shipwrecks, underwater ruins and cities)”. Still according to the
UNESCO, Intangible cultural heritage refers to “oral traditions, performing arts,
rituals”. 3, 4

xiii



digital urban heritage tool We name digital urban heritage tools, digital tools that
allow to represent and interact with urban heritage. They take various forms,
going from databases to 3D virtual tours, and some include participatory
functionality. 4, 8, 84-86, 89, 92, 97, 98

feature Abstraction of real world phenomena. Sources: [ ] and OGC*. 4, 6, 7,
56, 57, 66, 104, 106

geographic feature Representation of real world phenomenon associated with a
location relative to the Earth. Sources: [ ] and OGC®. viii, 17, 34-36, 52

geometric object A combination of a coordinate geometry and a coordinate refer-

ence system. In general, a geometric object is a set of geometric points. Source:
OGC°. 6

integration To form, coordinate, or blend into a functioning or unified whole.

Source: https://www.merriam-webster.com/dictionary/integrate. 4, 5

interactive visualization The term interactive visualization is usually applied to
systems that provide feedback to users within several seconds of input. Source:
Wikipedia’

Note: We use the same definition for interactive navigation 5, 104

multimedia document Multimedia documents are digital documents in the form
of text, graphic, image, video, audio, etc. Typical examples of documents are
photographs, audio recordings, postal cards, newspaper articles, etc. 6, 8, 104

raster data In its simplest form, a raster consists of a matrix of cells (or pixels)
organized into rows and columns (or a grid) where each cell contains a value
representing information, such as temperature. Rasters are digital aerial
photographs, imagery from satellites, digital pictures, or even scanned maps.
Source: ArcGIS documentation®. 15

*https://www.opengeospatial.org/ogc/glossary/f

Shttps://www.opengeospatial .org/ogc/glossary/g

®https://www.opengeospatial.org/ogc/glossary/g

"https://en.wikipedia.org/wiki/Interactive_visualization

8https://desktop.arcgis.com/en/arcmap/10.3/manage-data/raster-and-images/what-is-
raster—-data.htm
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vector data A representation of the world using points, lines, and polygons. These
data are created by digitizing the base data. They store information in x, y
coordinates. Source: Pitney bowes”. 15

*https://support.pitneybowes.com/SearchArticles/VFPO5_KnowledgeWithSidebarHowTo?
id=kA180000000Cu9DCAS&popup=false&lang=en_US
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1.1

Context

Urban areas are changing and growing at various granularity levels in space and
in time. Buildings are constructed, roofs are restored, districts are revamped,
bridges are destructed, parks are created, etc. Throughout these modifications, cities
undergo horizontal and vertical sprawls. Figure 1.1 shows the evolution of the
cities of Seoul between 1900 and 2016 and of Abu Dhabi between 1970 and 2016".
Current projections” predict that the number of people living in urban areas will
increase from the current 55% to 68% in 2050. This increase will perpetuate the
profound modifications undergone by cities. In this context, understanding the city,
its evolution and how people live in it becomes a central issue.

Seoul, South Korea

Figure 1.1.: Example of evolution of the cities of Seoul, South Korea and Abu Dhabi,
United Arab Emirates with pictures taken at different dates. Images
taken from: https://www.boredpanda.com/how-famous-city-changed-
timelapse-evolution-before-after

3D city models*® provide digital representations of urban areas with 3D geometric,
thematic and geo-referenced elements at different scales. These elements are

!The scale and view points of the images are not exactly the same. However, these images still
highlight the evolution these cities.

https://www.un.org/development/desa/en/news/population/2018-revision-of-world-
urbanization-prospects.html

3 Asterisks indicate the first use of a word defined in the glossary.
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commonly named city objects* and they refer to buildings, trees, parks, bridges,
tunnels, urban furniture etc. 3D city models have been widely used in the past
years in research and industry, for many applications such as cultural heritage*
preservation and sharing, energy demand analyses, noise mapping, environmental
simulations, etc. [DO+06; Bil+14; Bil+15].

With the development of web technologies and through their apparition in popular
applications such as Google Maps* (see figure 1.2), 3D city models also start to be
used by non experts. While the 3D models used by Google have a detailed geometric
dimension, they are not available and there is little information about their format,
the spatial and temporal coverage, the thematic information associated with it, etc.
However, several cities such as Lyon®, Berlin® or New York” give their 3D city models
in open access and in standard formats, opening up possibilities for new methods
and tools.

Figure 1.2.: Screenshot of the city of Lyon, France in the 3D mode of Google Maps.

The development history of a city is key to its understanding. Preserving and
analyzing past and present cities and planning tomorrow’s cities are essential to make
appropriate decisions for the future. Data and tools representing cities evolution
have many applications such as helping environmentalists to study cities energy
balance evolution or urban planners to plan future evolution of the city. Moreover,
it can help answering questions such as: What is the lifecycle of a specific building ?
Why did this road network structure evolved ? How an ordinary building may evolve

*https://www.google.com/maps
*https://data.grandlyon.com/jeux-de-donnees/maquettes-3d-texturees-a-commune-
arrondissement-2009-2012-2015-metropole-lyon/info
Shttps://www.businesslocationcenter.de/en/economic-atlas/download-portal/
"https://wwwl.nyc.gov/site/doitt/initiatives/3d-building.page

1.1 Context



into a popular cultural heritage element ? etc. Managing the temporal dimension of
cities is therefore essential.

3D city models alone are however not enough to understand the city and its evolution.
Other features* from a variety of sources can provide complementary elements
leading to more complete analyses of the city and hence to additional elements of
comprehension of the city. Multimedia documents for instance are a key material
for explaining the evolution of the city, for describing specific events that took
place in the city, etc. Pictures, audio and video recordings, postal cards, journal
articles, etc. bear numerous and valuable information. Gathering, sharing and
exploiting documents contributes to preserving common knowledge. They describe
cities, their evolution and how people live (in) it. Combined with the evolution
of the city, they also help to answer questions such as How was the city at a given
time and how can we prove it ? Furthermore, Miinster et al. [ ] emphasize
that browsing multimedia documents in physical archives or in online repositories
can be time-consuming and even counter-productive, especially given the number
and diversity of available documents. They also highlight that using 3D interfaces
and 3D city models may enhance multimedia documents navigation (i.e. access,
querying), which highlights the need of 3D city models and multimedia documents
integration*.

This thesis takes place in the Fab-Pat project® funded by the LabEx IMU® (Intelli-
gences of Urban Worlds). Fab-Pat focuses on urban cultural heritage sharing and on
involving citizens and associations in urban heritage shaping. This project gathers
researchers in computer science (in the fields of data science and computer graphics
with and expertise on geospatial data), in social sciences (in the fields of anthropol-
ogy and geography with specific expertise on cultural heritage) and of experts from
the cultural heritage department of the city of Lyon, France and from the Gadagne'®
and Confluence'' museums. In this context, an investigation of digital urban her-
itage tools* and interviews with actors of cultural heritage in the area of Lyon have
been realized. They confirmed the need to provide new visualization and navigation
possibilities for cultural heritage sharing. Many digital urban heritage tools indeed
currently consist in geolocating multimedia documents on 2D maps. This is as much
the case for small local associations (e.g. Sites and Cities association of Lyon'?), as
for established participative tools (e.g. PastPort'?) as it is for institutional cultural

8

9
10
11
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heritage organization (e.g. the cultural heritage and general inventory department
of the Auvergne-Rhéne-Alpes region (France)'*). While these initiatives share very
interesting content, navigation possibilities may be enhanced and more information
may be displayed with 3D city models integration.

Problem description

Based on this context and on Fab-Pat objectives, in this thesis, we focus on addressing
the following research problem: How to integrate the temporal dimension and
multimedia documents to 3D city models for web visualization and navigation?
By visualization and navigation we intend offering functionality for users to query,
access and display enhanced 3D city models information among space, time and
thematic dimensions and with various interaction possibilities: by moving in space,
by shifting time, by accessing multimedia documents from 3D city objects and 3D
city objects from multimedia documents. This problem raises several challenges and
leads to two research questions detailed in the following.

First, some challenges are related to 3D city models visualization and navigation.
These models can indeed represent hundreds of km? of data (which can correspond
to millions of geometric primitives plus thematic information). In addition, we
aim at achieving interactive visualization* and navigation, i.e. our system should
provide response to users within several seconds. This challenge is well known in the
computer graphics community. However, it is emphasized by the need of working
in a web context and with 3D city models that not only comprise 3D geometry (as
it is the case for many computer graphics use cases) but also structured thematic
information describing the objects and their relations (e.g. a building is composed of
a roof, walls, doors, etc.).

Secondly, some challenges are specific to the integration of the temporal dimen-
sion to 3D city models. Changes in the city occur at various levels of granularity in
space (e.g. roof restoration, construction of a new bridge, renovation of a district,
etc.) and in time (renovation work of cultural heritage elements can take years
while the construction of a house can take a few months). Therefore, we must
propose a formalization allowing to represent changes at various granularity levels
in space and in time. In addition, we take a particular interest in the life-cycle of city
objects, which is essential for understanding cities evolution. Finally, we still want
to keep the navigation and visualization interactive. This can be a big challenge since

14
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adding the temporal dimension can greatly increase the number of city objects to
manage and therefore the datasets size. This lead to the following research question:
How to formalize the temporal dimension of 3D city models for interactive
web navigation and visualization of changes happening at various granularity
levels ?

Thirdly, integrating multimedia documents to 3D city models for web navigation
and visualization raises other challenges. Features (including multimedia documents
and 3D city models) are commonly described in one or more of the following three
dimensions: thematic, geometric and temporal. The thematic dimension gives
contextual information such as the nature of a feature or semantic metadata. The
geometric dimension contains geometric objects* (e.g. points, polygons) that are
defined in a coordinate reference system. Finally, the temporal dimension describes
the diachronic nature of features. In addition, multiple possibilities of navigation have
been identified and they can be classified in two types: querying features according
to one (or more) of their dimensions and navigating from one (or more) features
to one (or more) other associated features. In the first case, spatial queries are
the most common case and they consists in accessing features at a given location
or in a certain area. In the context of a 3D system, this may occur by moving in
a virtual 3D environment and by accessing features that are in the field of view.
Queries on geospatial features have been classified in eleven types by Yuan and
McIntosh [ ] : attribute queries, 3 spatial queries, 3 temporal queries and
4 spatio-temporal queries. For this type of navigation, features integration may
be done by the querying system when presenting the result. The second type of
navigation however, requires to associate features of different type together, based
on specific criteria. Those criteria may for instance be thematic: a picture refers a
building (pictures and building being two thematic entities). They can also be spatial,
i.e. based on correspondence points between the picture and the building. These
challenges lead to the following research question: How to integrate multimedia
documents* and 3D city models for visualization and navigation on the web ?
Note that in this thesis, we do not address potential issues raised by the management
of large amounts of multimedia documents and that we focus on navigation and
visualization.

Fourthly, this context also raises technological challenges. Designing an informa-
tion system managing 3D geospatial information on the web is still a challenging task
[ ; ; ]. One of the major difficulty lies in the fact that the current
context for 3D geospatial data management on the web is based on recent standards
and tools which are evolving rapidly. For instance, the first standard dedicated to
3D cities modelling is CityGML [ ; ] which has been introduced in 2008,
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has undergone significant changes in 2012 in the version 2.0 and for which another
version with major changes is planned in 2020. In the web context, first standards
for managing large 3D geospatial data were only recently proposed: I3S [ ]
in 2017 and 3D Tiles [ ] in 2019. The technological environment around these
standards is also emerging and unstable. For instance, there is currently no reference
implementation provided along with the CityGML standard. Therefore, a current
need and trend is the development of open-source and stable tools to manage data
in these standards.

Finally, we aim at proposing scientific methods and software implementation that
are reproducible, reusable and interoperable. Reproducibility refers to the ability
to reproduce the results presented in this thesis. Reusability refers to proposing
contributions (being scientific or software contributions) that can be reused by the
scientific community. Interoperability refers to the possibility of our methods and
implementation to interact with other systems. These objectives guided the scientific
and software propositions of this thesis.

Contributions

First, we propose contributions addressing the first research question for integrating
the temporal dimension to 3D city models for interactive web navigation and
visualization. We propose Gen3DGeo, a generic conceptual model for delivering
3D city models for web visualization and navigation, based on standards. We
also formalize and integrate the temporal dimension of cities with the Gen4DCity
conceptual model. We specify this model at the logical (Logic4DCity model) and
specification (3DTiles_temporal model) levels by formalizing and extending the 3D
Tiles standard.

Secondly, we propose contributions for multimedia documents and 3D city mod-
els integration for web navigation and visualization; answering the second research
question. More specifically, we propose GenLinkable, a generic conceptual model
for features integration. We also propose the Gen4DCity-Doc model, which extends
Gen4DCity with multimedia documents by using GenLinkable.

Thirdly, we provide technical contributions. An open source implementation of the
contributions presented above is proposed and notes to reproduce the experiments
are also provided. We propose a process for computing large-scale time-evolving 3D
city models (3D city models with a temporal dimension, based on the Gen4DCity
model) which is available in open source and reproducible. Then, we propose
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a modular architecture for visualizing and navigating enhanced 3D city models
on the web. We also present a methodology to achieve reuse of our software
implementation and reproducibility of our experiments.

Finally, we propose a multidisciplinary contribution realized in collaboration with
researchers of the Fab-Pat project: DHAL (Digital urban Heritage tools AnaLysis), a
methodology designed with a multidisciplinary approach to describe, compare and
analyze digital urban heritage tools.

Outline

This manuscript is structured as follows:

In chapter 2, we present a state of the art regarding three main aspects. First, we
review methods and standards for 3D cities modelling and visualization on the
web. Then, we describe methods for representing the temporal dimension of 3D
cities. Finally, we present methods for integrating multimedia documents to 3D city
models.

In chapter 3, we present the contributions related to the integration of the temporal
dimension to 3D city models. We present the Gen3DGeo, Gen4DCity, Logic4DCity
and 3DTiles_temporal models. We also provide an open source implementation for
the visualization of time-evolving 3D city models and an evaluation of the proposed
models.

In chapter 4, we detail the contributions related to multimedia documents and 3D
city models integration. We present the GenLinkable and Gend4DGeo-Doc models
and we provide an open source implementation for navigation in documented 3D
cities.

In chapter 5, we present an overview of the technical contributions realized in
this thesis. We propose a process for computing time-evolving 3D city models, the
software architecture of the platform designed during this thesis and we detail our
methodology for interoperability, reuse and reproducibility of our research.

In chapter 6, we present and discuss the multidisciplinary collaborations that took
place in this thesis. We present DHAL (Digital urban Heritage tools AnaLysis) and
discuss how the multidisciplinary collaborations enhanced this thesis, present some
limits encountered and propositions to overcome them.

Chapter 1 Introduction
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Finally, chapter 7 is dedicated to conclusive elements and to the presentation of
work prospects.

Reader Guidance

The models proposed in this thesis are designed with the UML'® notation. We use
class diagrams for data modelling, component diagrams for software architecture
and activity diagrams for processes presentation.

In the objective of providing accessible and interoperable research, we provide
links to detailed procedures for reproducing the results presented in this thesis
at the end of relevant sections. URLs to software resources are given using the
software heritage'® archive which provides permalinks to specific versions of the
code. The navigation interface of software heritage is however currently in beta
version. Therefore, if you run into navigation problems, we invite you to use the
Github website to access the code (the URL of original Github repository is indicated
at the top of the software heritage navigation interface).

15
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2.1

2.1.1

12

In section 2.1, we present an overview of standards and methods for modelling
3D cities. This overview is given with specific objectives stemming from chapter
1 which are to find a standard based representation of digital cities in the spatial
and thematic dimensions, for interactive visualization of large-scale datasets on the
web. This will serve as a basis for the two main research topic that are addressed
in this thesis. This section is structured in three subsections: section 2.1.1 presents
3D city models; section 2.1.2 overview methods and formats for 3D city models
visualization on the web; and section 2.1.3 sums up our findings.

In section 2.2, we present and analyze models for the temporal dimension of 3D
cities. We present spatio-temporal models for geospatial information in general as
well as propositions that have been integrated to 3D city models. These propositions
are summed up in 2.2.1 , where we also highlight their limitations.

In section 2.3, we explore methods for integrating multimedia documents to 3D
cities. This section is structured in three subsections: section 2.3.1 where we
overview methods based on spatial integration and navigation; section 2.3.2 where
we present methods based on thematic association; and section 2.3.3 where we
summarize these propositions.

Modelling and visualizing 3D cities on the web

Modelling 3D cities

Many standards, methods and tools have been proposed for modelling and visualiz-
ing 3D digital cities. They stem from different fields (mainly computer graphics and
geomatics) and are at different level of abstraction. Two standardization organiza-
tions are particularly active in proposing standards for geospatial information : the
International Organization for Standardization' (with the ISO/TC 211? technical
committee specialized in geographic information and geomatics) or by the Open
Geospatial Consortium® (OGC).

The ISO/TC 211 have proposed conceptual descriptions of geographic entities, for
instance describing their spatial characteristics [ ] and their temporal charac-
teristics [ ] that can be used for 3D cities modelling. Based on these abstract

"https://www.iso.org/home.html
https://www.iso.org/committee/54904 . html
*https://www.opengeospatial .org/
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propositions and on the Geographic Markup Language (GML)*, the OGC proposed
CityGML [ ; 1, a standard format based on a structured model for urban
landscapes modelling.

CityGML is composed of a thematic and of a geometric model. The thematic model
is decomposed into a core module and several modules describing thematic city
objects such as building, bridge, tunnel, etc. The geometric model is based on
usual primitives (e.g. points, polygons, volumes). CityGML is quite flexible on
data representation and allows variable degrees of structuring and coherence of the
thematic and geometric models. Stadler and Kolbe [ ] classify them in six cases,

going from “Case 1: Only geometry, no semantics””

to “Case 6: Complex objects with
structured geometry”. Figure 2.1 shows an example of a building with geometric
and thematic models corresponding to cases 1 and 6. In case 1, the building is
only described in the geometric dimension but with unstructured geometry (only
a collection of Polygons grouped into a Multi Surface). In case 6, the thematic
model and the geometric models are aligned. The building is described according to
several thematic elements organized in a hierarchical structure and each element
is associated with a geometric element, also organized according to the same
hierarchical structure. While this freedom as to the level of structuring and coherence
of CityGML data may be convenient for data producers, it makes it complex to use

for researchers and software producers.

In addition, while CityGML has been widely accepted by the geospatial community
and by data producers (many big cities provide their 3D city model: e.g. Lyon®,
Berlin’ or New York®), CityGML is focused on 3D cities storing and exchange and it
has not been designed for efficient visualization [ 1.

Another important standard in the geospatial community for modelling city objects
is the Industry Foundation Classes (IFC) [ 1. However, this standard is focused
on building information modelling (BIM) and on detailed geometric and thematic
models of buildings and infrastructures. This format is mainly used for architecture
and for the construction industry and it is not used at city scale.

4

SNote that the semantic information is defined in the thematic model.
6
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Case 1 : Only geometry, no semantics

@ Semantics Geometry
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Surface

Case 6 : Complex objects with structured geometry
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Figure 2.1.: Two cases of structuring and coherence of the thematic and geometric models
of CityGML exemplified on the models of a building. Images extracted from
[SKO7]. Case 1 presents the model of a building with no semantics (i.e. no
thematic model) and unstructured geometry. Case 6 presents structured and
coherent thematic and geometric models.

Visualizing 3D city models on the web

Web architectures are based on clients and servers. In general, clients display
information to users and servers store, compute and deliver data. Delivering content
on the web for web clients requires two main elements: web services (receiving and
answering queries, e.g. simple HTTP server or more evolved APIs) and data transfer
formats (formats in which the response is transferred, e.g. JSON). The geospatial
and the computer graphic communities proposed many web services specifications
and data transfer formats over the past years, which have been used and combined
to deliver 3D city models for visualization on the web.

Formats for 3D visualization on the web mainly stem from the computer graphic
community. The current most efficient and most used format for 3D assets visu-
alization on the web is gITF’ (GL Transmission Format). It has been proposed
by the Khronos group'® which also develops OpenGL and WebGL, two APIs for
rendering 2D and 3D graphics based on communication with the graphic processing
unit (GPU) that have a massive impact on the computer graphic community. gITF

*https://www.khronos.org/gltf/
Ohttps://www.khronos.org/
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is progressively replacing Collada'' and X3D'? (in particular for applications that
need good performances) which have been widely used for 3D visualization on the
web these past years. In the geospatial community, the KML standard format has
stand out for 3D geospatial information visualization. KML is developed by Google
and it is an OGC standard since 2008. It is for instance used in the well known
Google Earth. These standard formats are however focused on geometry and do
not integrate thematic information (attributes and structuring) which are important
aspects of 3D city models. In addition, while KML has been designed for representing
geospatial data (e.g. management of coordinate reference systems (CRS)), standard
formats proposed by the computer graphic community (e.g. glTF) do not have these
properties.

The OGC proposed many web services for geospatial information visualization. They
can be classified in two types: those delivering raster data* and those delivering
vector data*. WMS'® (Wep Map Service) and WMTS'* (Web Map Tile Service) are
the most popular for delivering raster data (they are widely used for 2D maps). The
most popular web service for delivering vector data is WFS'®> (Web Feature Service).
Generally, the data transferred with WMS and WMTS are in well known images
formats (e.g. JPEG or PNG). As for WFS, most popular data transfer formats are
GeoJSON'® and JSON. GeoJSON allows to represent the geometry and thematic
attributes of geographic entities. However, the geometric aspect is limited to 2D
primitives, possibly with an elevation attribute allowing to represent extruded 2D
objects. Finally, 3DPS (3D Portrayal Service) [ ] has recently been proposed
for 3D vector data (based on W3DS and WVS that are now deprecated).

Several initiatives combining these formats and web services have been proposed
for delivering 3D city models for web visualization. Prieto et al. [ ] visualizes
3D city models by separating the geometric and the thematic information. The
geometry is managed with the X3D format and the W3DS web service, while
thematic attributes are transferred in XML with the WFS web service. A screenshot
of visualization of a 3D city model in their information system is presented in
figure 2.2. Gaillard et al. [ ] use a web service implementing 3DPS and
embeds the geometry and the thematic attributes of 3D city models in JSON files
(created from CityGML files). However, there is no information about the underlying
conversion from CityGML to JSON nor about the data model used in the JSON
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12
13
14
15
16

2.1 Modelling and visualizing 3D cities on the web

15



16

files. In addition, they index the data according to a 2D regular grid index and
propose a progressive loading strategy which improves visualization performances.
A screenshot of visualization of a 3D city model with this proposition is presented
in figure 2.3. Finally, Chaturvedi et al. [Cha+ 15] use the KML format along with a
classic HTTP web service for the geometric information and exports the thematic
information in Google Docs spreadsheets which are streamed using Google APIs.
The thematic structure of 3D city models is delivered with JSON files. Similarly to
[Gai+15], they index the data according to a spatial index.

& | @ 193.136.227.170 X ~@ B- € Q Q

|| B

Ma Scene to Load.

Historical Ethenheim

Figure 2.2.: Example fo visualization of a 3D city model with X3D and W3DS service in
2012. Image extracted from [Pri+ 12].

Figure 2.3.: Example of visualization of a 3D city model with JSON and 3DPS in 2015.
Image extracted from [Gai+15].

Recently, two specifications have been proposed for big and heterogeneous 3D
geospatial datasets visualization on the web: I3S [Opel7b] and 3D Tiles [Ope19].
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They are both initiatives from companies (respectively ESRI'” and AGI'®) that
have been made openly available and accepted as OGC Community Standards'®.
These formats combined with 3DPS [ ] or used with a usual HTTP server
outperform the previous propositions in term of visualization performances and are
being used a lot currently.

These two standards share concepts and characteristics: representation of geometric
(3D polygonal models or 3D point clouds) and thematic information of geospatial
data; use of spatial indexing methods to organize large datasets; and adoption
of JSON and binary representations for efficient web-based operations. The main
differences between these standards lie in how they represent geographic features*
at the specification level: I3S has a unified way of representing geographic features,
whereas 3D Tiles includes different formats: Batched 3D Model (b3dm) (for 3D
polygonal models), Instanced 3D Model (i3dm) (for 3D polygonal models instanced
several times, e.g. trees or street lights) and Point Cloud (pnts) for 3D point clouds.
In addition, b3dm and i3dm are based on gITF for representing the 3D geometrical
content.

3D Tiles and I3S are a step forward for the management of large 3D city models on
the web. However, they miss one aspect of the 3D city models: the storage of their
hierarchical structure. This has been made possible in 3D Tiles with the proposition
or an extension of this specification (batch table hierarchy extension’’) proposed by
Schilling et al. [ 1.

Some methods for progressive and personalized visualization of 3D city models
; 1, highlighting their
possibilities. An example of visualization is presented in figure 2.4 !

have been proposed based on these standards [

Summary

This analysis highlights the complex background in terms of standards for 3D cities
modelling and visualization on the web. Three standards currently stand out for
modelling (CityGML) and web visualization (3D Tiles and I3S) of 3D city models.
A summarized comparison of these standards with our needs is presented in table
2.1. v indicates that this need is fulfilled by the standard, v* indicates that it is
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2INote that texture is not managed on this figure but it is a feature offered by 3D Tiles and I3S.
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Figure 2.4.: Example of visualization of a 3D city model with 3D Tiles in 2016. Image
extracted from [Gai+ 16].

fulfilled under certain conditions and x indicates that it is currently not possible or
not satisfactory.

3D thematic ~ thematic interactive web
Standard ) ) o
geometry attributes structuring visualization of large datasets
CityGML A v A X
3D Tiles v v v* v
I3S v \Y X v

Table 2.1.: Comparison of the CityGML, 3D Tiles and I3S standard formats with our needs.
v indicates that this need is fulfilled by the standard, v* indicates that it is
fulfilled under certain conditions and x indicates that it is currently not possible
or not satisfactory.

CityGML is well established for 3D cities modelling and exchange but it is not meant
for interactive visualization of large 3D city models on the web. 3D Tiles and I3S
offer this possibility but I3S does not allow to represent the thematic structuring
of 3D city models. It is however possible in 3D Tiles with an extension of the
specification.

Despite the efforts of standardization bodies, these standards do not always move
forward together and are not always harmonized. 3D Tiles and I3S for instance have
been designed independently but have the same purpose. In addition, they also
lack harmonization with other standards such as with ISO/TC 211 standards (e.g.
with the standard terminology for geospatial information [[nt08]). Furthermore,
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these standards have been designed at specification level and lack conceptualization.
Finally, while they have been compared and integrated in information systems
[ 1, no shared conceptual model has yet been proposed.

Based on these observations, we will propose respective and shared conceptual
models for 3D Tiles and I3S, based on ISO standards and vocabulary in chapter 3.
These models will serve as a basis for our two following contributions: integrating
the temporal dimension and integrating multimedia documents.

In section 2.2, we review methods for modelling the temporal dimension of 3D city
models, which is not yet possible with 3D Tiles and I3S.

Modelling the temporal dimension of 3D city models

The geospatial data modelling community has been particularly active on modelling
the temporal dimension of geospatial information these past 30 years. First, temporal
primitives and different types of time have been identified by the data modelling
community [ 1 and have been later standardized in the geospatial community
[ ]. The two temporal primitives are instant and period. An instant is a “O-
dimensional geometric primitive representing position in time” and a period is a
“one-dimensional geometric primitive representing extent in time” [ ]. A period
is bounded by instants (beginning and ending points of the period). The two main
types of time are: valid time and transaction time. The valid time is the “time when a
fact is true in the abstracted reality” and the transaction time is the “time when a
fact is current in a database and may be retrieved”. These primitives and types of
time are the basis of most of temporal and spatio-temporal models for geospatial
information.

Siabato et al. [ ] propose a comprehensive survey of spatio-temporal models
for geospatial information. They classified these models according to a typology
of 18 trends in spatio-temporal modelling (see figure 2.5). These models allow to
represent many types of real-world temporal events happening at various scales in
space and in time, such as: buildings constructions, wilfdfires evolution, pedestrian
traffic, dinners, etc. To this day, no unified model allowing to model and query
all types of events and processes happening in the real world have been proposed.
Most of the models have been designed or proved more efficient for specific type
of changes (spatial, thematic, topological, etc.) or for different type of queries

[ 1.
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Modelling approach Modelling approach Modelling approach

Snapshot method * Semantic—based Moving Objects

Time-stamping * Event—based Graphs—based

Base state amendment vectors * Process—based Lifespan—based

Space—time composite model * Ontology-based Agents—based

Domain—based modelling * Feature—based (Entity-based) Kinematics

Object—Oriented Identity—based Ontological foundations
Conceptual modelling extensions

* location-based models / changed-based approaches

Figure 2.5.: Typology of spatio-temporal models for geospatial information proposed by
[ ] (image extracted from this paper).

Among the 18 trends in spatio-temporal modelling proposed by Siabato et al.
[ ], two in particular have been used for modelling the temporal dimen-
sion of 3D city models: Snapshot method and Graphs-based.

The snapshot model [ ] is an early proposition for integrating temporality
in spatial databases. It consists in duplicating the tables at different time-stamps,
creating several snapshots of the data. In the 3D community, several propositions
are based on this model for representing the geometric evolution of spatial areas,
be it a specific monument [ 1, a district [ ] or acity [ 1. These
propositions generally focus on visual comparison of a spatial areas at different
time-stamps and come along with visualization methods and tools. However, this
model has several limitations. First, there is no link between spatio-temporal objects,
which limits possible queries. For instance, analyzing objects life-cycle is difficult
with this category of models. Secondly, these models generally do not have good
performance with large datasets since objects that are in the same state at two
time-stamps are duplicated.

Graph-based models for spatio-temporal geospatial information have been intro-
duced with the History Graph Model [ 1, which was further developped in
[ 1. Renolen describes objects of the world according to three states, each of
them existing during a given period: static state, changing state and dead state. The
main idea is to consider change as a state i.e. being defined during a period and
not as an instant event. These states and their relations have been represented by
Renolen in a Statechart diagram (see figure 2.6). An object can be in a static state, it
can undergo instantaneous changes and switch to a changing state. It can also die
and be reincarnated.

Based on these three states, Renolen proposed the history graph notation (based on
the Petri-nets notation [ 1), where static states are represented by a square
rectangle, changing states are represented by boxes with circular ends and dead
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Figure 2.6.: Generic behaviour of temporal objects using the Statechart notation in the
model proposed by [Ren00]. Image extracted from [Ren00].

states are represented with a rectangular box with dashed outline. Finally, Renolen
proposes a typology of types of changes composed of seven types (see figure 2.7):
creation (an object is created), alteration (an object is changed or modified) , destruc-
tion (an object is destroyed or removed), reincarnation (an object that previously has
been destroyed or removed is reintroduced, possibly with a new state and location),
merging/annexation (two or more objects are joined together to form a new object
or one or more objects are ‘swallowed’ into another object), splitting/deduction (an
object is subdivided into two or more new objects or one or more objects is deducted
from an existing object) and reallocation (two or more objects are merged together
and two or more different objects result from the change). This typology is based on
the one proposed earlier by Claramunt and Theriault [CT96].

According to [Sia+ 18], “While the graph-based modelling approach seems to have
been put aside during the 2000s, the current decade shows an active interest in this
approach”. It has for instance been used and enhanced for modelling the temporal
evolution of 2D regions [Mon+10; DM+ 13; Dum15]. Stefani et al. [Ste+10b]
propose a spatio-temporal modelling of 3D architectural sites with a focus on changes
happening at the building scale and at various spatial and temporal granularity
levels. Buildings of architectural sites are structured according to a spatial and
thematic model designed for architectural object [D1.+07]. They introduce the
temporal dimension with a graph-based model, based on the proposition of Renolen

Ren00] (see figure 2.8). This proposition has been implemented in the NUBES
platform, allowing visualization and navigation in spatio-temporal architectural sites
as well as temporal queries on time instant (e.g. which buildings existed at date A?)
or period (e.g. which buildings have been constructed between dates A and B?).

2.2 Modelling the temporal dimension of 3D city models
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Figure 2.7.: Typology of types of changes composed of seven basic types and their rep-
resentation with the notation proposed by [Ren00]. Image extracted from

[Ren0O0].
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Figure 2.8.: Evolution of the Carcassonne Castle between the 12th and the 14th century
according to historian Guyonnet. Image extracted from [Ste+10b].

This proposition [Ste+10b] is also described as part of other contributions with

different point of views in [DL+10; Ste+10a]. In [DL+10], the authors update the
typology of changes initially proposed by Renolen to: creation, demolition, union,
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division, reconstruction and modification. These typologies plus the one proposed by
Chaturvedi et al. [ ] (detailed later in this section) are compared in table 2.2.
Stefani [ ] extended this typology from an architectural and urban point of view,
giving seventeen possible types of changes between two static states of a heritage
building. We do not detail them here since they are specific to this application use
case and are in fact combinations of the types proposed by Renolen.

Renolen [ ] De Luca et al. [ 1 Chaturvedi et al. [ ]

creation creation insert

alteration modification replace

destruction demolition delete
reincarnation reconstruction X
merging/annexation union X
splitting/deduction division X
reallocation X X

Table 2.2.: Comparison of typologies of temporal changes proposed in [ ;
] for graph-based modelling of spatio-temporal changes. x means that
this type is not defined in this typology.

Chaturvedi et al. [ 1 proposed an extension to CityGML for modelling the
temporal dimension of 3D cities, presented as an UML model in figure 2.9. Entities
in green are proposed concepts for representing the temporal dimension and the
other entities are concepts from CityGML. This proposition is also based on graph
modelling. First, City Model, AbstractAppearance (entity for textures representation)
and City Object become spatio-temporal objects by inheriting VersionableAbstractFea-
ture, a class defining valid time dans transaction time. City Model, AbstractAppearance
and City Object represent objects in static states (as defined by Renolen [ 1, see
figure 2.6). Then, they introduce Transactions which represent changes between
two VersionableAbstractFeature (corresponding to changing states). Transactions can
refer to changes at various levels of spatial granularity: between city models but
also between city object (e.g. building, roof, window, etc.). Transactions have a
type attribute expressing the type of change that occurred. The possible values are
insert, delete, replace. These values clearly stem from the computer science field
and as we can see in table 2.2, they miss some changes types in comparison with
Renolen [ ] and De Luca et al. [ 1. Chaturvedi et al. [ ] also
introduce the Version to and VersionTransition concepts. A Version is a collection
of VersionableAbstractFeature. It represent a static state of a group of city objects
for a given period. A VersionTransition represents a changing state between two

2.2 Modelling the temporal dimension of 3D city models
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versions and it is composed of transactions expressing the changes that occurred
between city objects of two versions. These two concepts allow to add thematic
information to changes of group of city objects, adding another level of granularity
in the representation of changes. They stem from the need to represent concurrent
versions of evolution of the city, which may be useful for urban planning (e.g. to
compare various hypothesis of evolution of a district) or for urban history evolution
(e.g. to represent various hypothesis of evolution formulated by different historians).
While it does not follow the notation proposed by Renolen [ 1, figure 2.10
shows an exemple of evolution of a district and its representation with Versions
(circles) and VersionTransitions (edges), allowing to grasp the idea behind these
concepts. Finally, This proposition is currently being studied by the CityGML working
groups for integration in the 3.0 version [ 1.

Summary

Among the great number of models that have been proposed the last 30 years,
graph-based models have been the most popular way to model 3D cities evolution.
According to [ 1, citing [ 1, “the primary application of a history graph
is to describe a limited extent in time and space” and it captures “all the knowledge we
need in order to further develop a spatio-temporal system”. Still according to [ 1,
“a restriction is that history graphs poorly describe the interaction between objects, e.g.
split/deduction processes usually imply the creation of an additional object and the
modification of another”. In addition, they allow to keep track of the life-cycle of
objects and are well suited to the main mode of navigation envisaged in our case:
by switching time (i.e. instant queries), generally by switching a time slider (i.e.
incrementally or decreasingly). However, their efficiency in terms of interactive
visualization of large datasets remains to be assessed. In addition, typology of
changes are still not well established (see table 2.2).

Chaturvedi et al. [ 1 proposed a graph-based model for integrating the tem-
poral dimension to CityGML with new interesting concepts. However, as explained
in section 2.1, CityGML is unfit for visualization. In addition, no implementation is
proposed along with this proposition, preventing evaluation and validation with real
use cases. Finally, the typology is changes is limited to three cases.

Based on these findings, we will propose contributions for integrating the temporal
dimension to standards for the visualization of large 3D city models on the web in
chapter 3.

Chapter 2 State of the art
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Figure 2.9.: Chaturvedi et al. [Cha+17] proposition of extension of CityGML to integrate
the temporal dimension to 3D city models (image extracted from this paper).

In section 2.3, we review methods for integrating multimedia documents to 3D city
models.

2.2 Modelling the temporal dimension of 3D city models 25



2.3

2.3.1

26

Historical Succession
@ "

Figure 2.10.: Example of evolution of a district and its representation with Versions (circles)
and VersionTransitions (edges). Image extracted from [Cha+17].

Integrating multimedia documents to 3D city models

We identified two main approaches for the integration of multimedia documents
to 3D city models. The first one is based on spatial integration and navigation
of graphic documents (e.g. photographs, plans, etc.) and 3D models (generally
only geometric models). These propositions, generally stemming from the com-
puter graphic community, are presented in section 2.3.1. The second category of
approaches, allowing thematic association of multimedia documents and 3D city
models, is presented in section 2.3.2.

Methods based on spatial integration and navigation

The first category of approaches consists in integrating 3D models and graphic
documents in a 3D virtual environment with the documents placed in such way that
there is a projective relationship between the document and the 3D model situated
behind (this placement is either done manually or automatically). Then, images and
3D models can be browsed by users according to spatial and/or geometrical criteria.
For instance, Snavely et al. [Sna+06] and Brivio et al. [Bri+ 13] propose systems for
browsing large collections of photographs placed in a 3D scene and calibrated over
the 3D models they represent (see figure 2.11). Images can be browsed according to
spatial criteria for answering questions such as Which images depict a particular part
of the scene ? Which images are close to a chosen one ?

Chapter 2 State of the art



Figure 2.11.: A set of pictures calibrated over a 3D model. Image extracted from [Sna+06].

Nakaya et al. [Nak+10] propose a digital reconstruction of the city of Kyoto at differ-
ent time stamps and display historical and cultural heritage multimedia contents in
the 3D scene. Schindler and Dellaert [SD12] propose methods to reference images
spatially and temporally and to automatically reconstruct 3D models represented
by these images. Then navigation in time is possible to see the evolution of the 3D

model and of the documents (see figure 2.12).

T—
[mgen] o]

|

Figure 2.12.: Screenshots of the system proposed by Schindler and Dellaert to explore
spatially and temporally located images and 3D models. Image extracted
from [SD12].

Bruschke and Wacker [BW16] design a system for 3D reconstruction projects al-
lowing to integrate multimedia documents sources by visualizing them inside the
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3D reconstructed scene. Similarly to Schindler and Dellaert [SD12], Dewitz et al.
[Dew+19] and Maiwald et al. [Viai+ 19] propose a method to match images and
to orient them in a 4D virtual environment in order to reconstruct historical 3D
models of cities and to navigate the resulting model and the multimedia documents
(see figure 2.13). They also allow to display quantitative information about the
multimedia documents such as the number of images in a certain area or heat maps
based on images orientations.

Figure 2.13.: Screenshots of the system proposed by [Mai+ 19] containing spatially and
temporally located images in a 3D virtual environment. Image extracted from
[Mai+19].

Chagnaud et al. [Cha+ 16] propose different modes of visualization for multimedia
documents referencing 3D city objects. Documents are geolocated and displayed
as billboards in a 3D urban environment. They propose to order the documents
vertically according to different layers depending on the scale of the objects they
reference (e.g. documents referencing buildings are displayed in the bottom of the
screen, those referencing a district are displayed above, etc.)

These methods propose new navigation possibilities in documents and 3D models
with spatial (and sometimes temporal) queries through a 3D interface by moving
in space (and sometimes by shifting time). However, cities are only represented by
3D geometric models and miss the thematic dimension. In addition, the temporal
dimension is represented with snapshots, which we proved to be limited in section
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2.2. Moreover, they do not allow to navigate from one feature to other features
(e.g. from one object to a set of associated documents). Finally, they are limited to
graphic documents.

In the past 20 years, De Luca participated in proposing several contributions for
documenting architectural heritage with 3D models and multimedia documents

and to navigate in this content. These contributions are summarized in [ 1.

First, methods for the acquisition, 3D reconstruction and structuring according to
a thematic model based on morphological criteria have been proposed. Then, a
method to correlate graphic multimedia documents and the 3D model to achieve
a projective relation has been proposed in [ ; ; 1. In these
propositions, they also introduced the possibility to annotate images or the 3D
model (e.g. by drawing regions on them). These annotations are then propagated
to all the associated resources (documents or 3D models). Finally, they also propose
navigation methods in this content based on three types of criteria: spatial (search
photograph in a given viewpoint), morphological (query images associated to a 3D
and thematic element) and semantic (query attributes). These propositions are
integrated in the NUBES platform which also manages the temporal dimension
of the architectural model and documents Stefani et al. [ 1 (described in
section 2.2). These propositions have been further developed and integrated into a
new platform named Aioli by Manuel [ 1.

These propositions by De Luca allow to integrate images and 3D and thematic
architectural elements, based on spatial criteria. They go further than the methods

presented previously before that focused on images geolocation and orientation.

They indeed allow more types of queries and to annotate and propagate these

annotations. However, they are developed for objects at the architectural scale (i.e.

a few buildings) and are not based on standards which is one of our objectives to
ensure interoperability with other systems.

Methods based on thematic association

The need to create relations between heterogeneous elements describing cultural
heritage (text, 3D model, map, photo, etc.) has been early identified by Meyer
et al. [ 1. They propose a model where they associate documents and
archaeological objects (see figure 2.14) for designing a web based information
system for the management and dissemination of cultural heritage data. In this
approach, the 3D model is also considered as a document. What is also interesting
is that documents can reference each other.

2.3 Integrating multimedia documents to 3D city models
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Figure 2.14.: Conceptual UML model for documenting archaeological objects. Image ex-
tracted from [Mey+07].

In a similar fashion, [Lar+ 15] propose a model for associating documents and 3D
objets representing the harbor of Nantes in 1900. However, these two propositions
[Mey+07; Lar+15] are respectively specific to archaeological objects (e.g. ceramic,
weapon, etc.) and to a 3D model of the Nantes harbor in 1900, while we aim at
managing large scale 3D city models (composed of geometry and structure thematic
information) in general (i.e. based on standards). In addition, their management of
the temporal dimension is based on adding a period of existence to the entities of
their model, while we showed in section 2.2 that such models do not allow to fully
grasp the evolution of city objects.

In [Her+12], they discuss the harmonization of the Nantes in 1900 project [Lar+15]

with the Virtual Leodium project [Pfe+ 13] (which proposes a similar approach).

However, this discussion is more focused on proposing a general process for the
acquisition of a 3D models of historical sites and the alignment of their respective
models for documents and 3D objects integration is not discussed. In addition, while
[Pfe+13] propose a possible integration with the CityGML model, this proposition
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has not been evaluated and has not been proposed to the CityGML community for

further integration.

Samuel et al.

[Sam+16] proposed an extension to CityGML for multimedia docu-

ments. The UML model they propose is presented in figure 2.15. Several aspects of
this work are interesting. First, it based on standards: on CityGML for the 3D city
model and on Dublin Core [Wei97; Dub12] for documents (attributes of the Docu-
mentObject class). Then, the link between documents (DocumentObject class) and

city objects (AbstractCityObject) is materialized with an association class (Reference)

which contains attributes allowing to define an instant or a period of reference and

to add thematic information (e.g. purpose). However, this proposition is specific to

CityGML which is unfit for our use case. In addition, it does not allow to document

the temporal

evolution of the city.

gmiBase:AbstractGML

Figure 2.15.:

ExternalReferenceObject gmi:AbstractFeature
A
1
1 VersionableAbstractFeature |5 newFeature
ExternalReference creationDate : Date .1 oldFeature
terminationDate : Date
validFrom : Date
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AN
= = .l 0.*
CityobjectGroup 1= == " Tapstractcityobject | O--*
o
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Extension of CityGML to integrate multimedia documents. Classes in grey
come from the CityGML model, those in blue are from the temporal extension
proposed in [Cha+17] and those in yellow correspond to classes proposed
for multimedia documents integration.
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Some methods based on semantic web technologies for creating links between
multimedia documents and 3D city models have also been proposed [ ;

]. These contributions are based on ontologies (whether newly introduced or
already existing) that describe multimedia documents and 3D city models. Then, the
integration of these ontologies allow to derive semantic links between multimedia
documents and 3D city models.

Finally, an interesting contribution has been made quite some years ago to de-
sign a multimedia information system for multimedia documents integration and
navigation [ ]. They introduce three main concepts: Linkable Object, Link
and Anchor. Documents or composite documents can be Linkable Objects, enabling
their linkage. A Link is between two Linkable Objects and the Anchor enables to
specify specific parts of a document that are referred by the Link. Their objective
and their proposition have conceptual similarities with our objective of multimedia
documents and 3D city models. However, their proposition is limited to multimedia
documents.

Summary

Among the propositions for multimedia documents and 3D objects integration, none
fulfills all our objectives at the same time. They indeed either focus on:

* Specific use cases and hence the proposed models depend on this use case (e.g.
architectural heritage);

* Specific dimensions of city objects (e.g. only spatial and documenting the
temporal evolution of objects is rarely possible).

* Specific types of navigation (spatial or thematic)

While, spatial integration and navigation has been explored a lot, propositions for
thematic and temporal integration and navigation of multimedia documents and 3D
city modles are still not fully satisfactory. However, the propositions of [ ]
(because it allow thematic integration of multimedia documents and 3D city models)
and of [ ] (because of the conceptual similarities and propositions) are the
closest to meeting our needs. We will base our contributions to integrate multimedia
documents to 3D city models on these methods in chapter 4.
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The work presented in this chapter has been accepted for publication in the Interna-

tional Journal of Geographical Information Science [ 1.

In this chapter, we present our contributions for the visualization of time-evolving
3D city models on the web. We name time-evolving 3D city models, 3D city models
with their temporal dimension. We focus on enhancing standard formats with a
formalization of this temporal dimension. In this objective, we propose the following
contributions and outline:

* Developing a generic conceptual model (Gen3DGeo) for delivering 3D ge-
ographic features for web visualization based on standard formats (3D Tiles
and I3S) (section 3.1.1)

* Formalizing and integrating the temporal dimension of cities in this model
(Gen4DCity model) (section 3.1.2)

* Specifying this model at logical (Logic4DCity model) and technical (3DTiles_temporal

model) levels by formalizing and extending the 3D Tiles standard (section
3.2)

* Implementing the proposed approach in open-source web software, eval-
uating software performance and documenting the procedures to ensure
reproducibility (section 3.3)

We finish this chapter with a discussion on the contributions and on potential future
leads (section 3.4).

Generic conceptual models

Conceptual model of 3D geospatial web standard formats

Figure 3.1 presents Gen3DGeo: a generic conceptual model for delivering 3D
geographic features for web visualization based on standard formats (3D Tiles and
I3S). This model is an abstraction of the 3D Tiles and I3S standards. The names of
the entities are independent from 3D Tiles and I3S and are based on [ ] in the
objective of alignment with existing standards. As a prior step to this model, we also
designed conceptual models of 3D Tiles and of I3S (see Appendix A).

Geographic Features (e.g. building, roof, bridge, etc.) can have a Geometry (e.g.
point cloud, polygonal model, etc.), and Thematic Attributes (e.g. owner). These
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Figure 3.1.: Gen3DGeo: Generic conceptual model for delivering 3D geographic features
for web visualization based on standard formats (3D Tiles and I3S)

Geographic Features are organized according to a spatial indexing method (e.g.
quadtree, octree, etc.). The resulting index is represented by a set of related Spatial
Nodes (that is to say nodes computed according to spatial criteria), most frequently
representing a tree. 3D Tiles and I3S both offer the possibility of having multiple
indexes, aggregated in a root object. This root object is represented by Set in our
model. In the case of 3D Tiles, a Spatial Node can either directly reference a set of
Geographic Features or another new index (i.e. another Spatial Node hierarchy). In
the case of I13S, indexes are grouped into layers (representing a layer of data, e.g. a
building layer), which are grouped together in the scene. Finally, 3D Tiles and I3S
make it possible to represent geographic features at various levels of detail. This
is represented through the Spatial Nodes hierarchy: a child Spatial Node can be a
refinement of its parent.

This synthetic representation expresses the shared concepts of 3D Tiles and I3S. It
allows to work on these standards at the conceptual level (e.g. to extend them)
without being tied to one or the other. It also makes it possible to abstract the
implementation choices, facilitating the learning of underlying concepts. In section
3.1.2, we formalize the temporal dimension of cities and integrate it to this model.

Formalization and integration of the temporal dimension

Figure 3.2 presents Gen4DCity: a generic conceptual model for delivering time-
evolving 3D city models on the web. This model extends Gen3DGeo (in white)
with our proposed formalization of the temporal dimension (in gray). Additional
information about data types and enumerations used in this model and in the
following models of this chapter are presented in figure 3.3. While Gen3DGeo is
generic to geographic features, the formalization of the temporal dimension we

3.1 Generic conceptual models
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propose has been designed and tested for cities and not for all type of geographic
features. Therefore, the following model is named Gen4DCity and not Gen4DGeo.

Version 0.1 +from 1 VersionTransition
+ name + name
+ description + description
+ tags 4 iod: i
g. ; 0.1 +to 1 period Perl'o'd
+ period: Period + type: TransitionValue
Set
0.* 0.1
+ period: Period
1
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L 1.% +versionMembers
0.* +source 0.1 Transaction
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0.1 1 1
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Geometry Thematic Attribute ) .
PrimaryTransaction
+ type: TransactionValue
0.*
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«enumeration» «enumeration»
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creation planned
+ startDate demolition realized
+ endDate modification historical succession
union fork
division merge

Figure 3.2.: Gen4DCity: Generic conceptual model for delivering time-evolving 3D city
models on the web based on standard formats. The entities of Gen3DGeo (from
figure 3.1) are depicted in white. The proposed formalization of the temporal
dimension is depicted in gray.

Figure 3.3.: Data types and enumeration used in figures 3.2, 3.5 and 3.6.

«dataType»
DateTime

«dataType» «enumeration»
Matrix4x4 RefineValue
ADD
+ lues: le [1
velues: double [10] REPLACE

First, we introduce the Period entity (lower-left corner of figure 3.2) which represents
1. A Geographic Feature can now have a Period,

an interval of time (based on [
making it possible to represent its valid time in the real world (e.g. a building
built in 1975 and destroyed in 2012). Spatial Nodes can also be associated with a
Period, introducing the possibility to use spatio-temporal indexing methods [
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] or temporal indexing methods [ 1.
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methods are more suited (while generally harder to implement) than spatial indexing
methods. Since the choice of the indexing method is highly dependent on the data
and application use case, we give the possibility to choose the most suited method
to users of our model. A Set can also be associated with a Period, making it possible
to store its total time of existence for instance.

Next, we introduce the Transaction entity to represent the changes between geo-
graphic features. This concept is inspired from [Cha+ 17] and represents a changing
state as defined in [Ren00]. However, it has been adapted in the following way. A
Transaction is composed of a description and tags. Two specifications of Transaction
are introduced: PrimaryTransactions and TransactionAggregates. The idea behind
this proposition is to allow to combine primary transactions to compose more com-
plex transactions. PrimaryTransactions have a type attribute which can have one
of the following five values: creation, demolition, modification, union or division.
These types are defined in the TransactionValue enumeration and are inspired from
[Ren00; Ste+10a; Cha+17]. We argue that these five primary types allow to form
the other types of transactions encountered in the literature. For instance, Renolen
[Ren00] proposes six types of transaction between geographic features (figure 2.7),
five of which correspond to the primary types we propose. However, the sixth
one (reincarnation) can be modeled using a TransactionAggregate composed of two
PrimaryTransactions of the types demolition and creation (this example is illustrated
in figure 3.4). This model for transactions has two main advantages. First, it is more
generic than the current solutions because it does not restrict transactions types to a
limited set of predefined types that are highly dependent on the data and application
use case. For instance, some types may be needed for cultural heritage studies while
others may be needed for architectural studies. The second main advantage is the
possibility to represent the Transactions at different levels of detail. Take for instance,
the reincarnation type proposed by Renolen [Ren00]. It can be seen at a macro level
of detail (TransactionAggregate) or at a finer grain, with both PrimaryTransactions of
the types demolition and creation (figure 3.4).

TransactionAggregate
description: reincarnation

Geospatial N Geospatial
Feature 0 = . Feature 1

PrimaryTransaction PrimaryTransaction
type: demolition type: creation

Figure 3.4.: Aggregated transaction example.
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Then, we introduce the Version and VersionTransition entities (inspired from [ D.
Versions allow to group spatio-temporal geographic features for two main use cases.
First, it allows to group geographic features having hierarchical relations (e.g. a
building, its roof and walls) to form different versions of these groups. The second
purpose is to express concurrent versions of evolution of a group of geographic
features. For instance, in the case of the renovation of a district, several projects
may be proposed. A version may be created to represent each one of these projects.
VersionTransitions can be used to express transitions between Versions. VersionTransi-
tions can be composed of Transactions and have a type defined in the TransitionValue
enumeration.

This formalization of the temporal dimension has two main advantages compared to
existing solutions. First, it makes it possible to represent the evolution of the city
over time on different spatial and thematic scales (city level, geographic features
level) and covers many types of Transactions between Geographic Featuress. The
second main advantage is its flexibility; we can represent the evolution of the city at
various degrees of precision depending on its data and needs. The first possibility is
to only use the Period entity. This allows us to represent different states of Geographic
Featuress and of the Set, and to use a spatio-temporal or temporal indexing method
to organize the data. The second possibility is to also use the Transaction entity. This
way, it is possible to represent the transactions between Geographic Featuress. The
third possibility is to use all the entities formalizing the temporal dimension in this
model. This provides the additional opportunity of grouping Geographic Featuress
together in Versions and representing the transitions between these Versions with
VersionTransitions.

In section 3.2, we specify Gen4DC ity at the logical and specification levels in the 3D
Tiles standard format.

Specification into 3D Tiles

3D Tiles logical model and temporal extension

Figure 3.5 presents both Logic3DGeo and Logic4DCity. Logic3DGeo (in white)
is a proposition of logical model of the 3D Tiles standard. It depicts the current
state of 3D Tiles (version 1.0) [ ] and covers all the data modelling part
of the specification. Logic3DGeo is a specification of Gen3DGeo. Logic4DCity is a
logical model for delivering time-evolving 3D city models on the web. It integrates the
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formalization of the temporal dimension to Logic3DGeo. Logic4DCity is a specification
of Gen4DCity. The recursive composition association of Geographic Feature (thick
line) is a proposition of conceptual representation of hierarchical relationships
between geographic features of 3D city models (i.e. a conceptual representation of
the batch table hierarchy extension of 3D Tiles').

3D Tiles is composed of a Tileset (corresponding to Set of Gen3DGeo). Asset’s at-
tributes version (version of 3D Tiles) and tilesetVersion (identifier for tracking updates
of a Tileset) are not related to representing the evolution of the city over time. A
Tileset is composed of a set of Tiles (corresponding to Spatial Nodes of Gen3DGeo).
Each Tile has up to two BoundingVolumes: boundingVolume and viewerRequestVolume.
The viewerRequestVolume makes it possible to specify a volume where the tile must
be displayed (i.e. the content of the tile is displayed only if the camera is inside
this volume). Each Tile has a TileContent that can also have a BoundingVolume,
which must closely fit the geographic features of the tile. The TileContent references
either a Tileset or a FeatureSet, which is a collection of Geographic Features plus
some FeatureSetProperty (e.g. number of points, offset, scale, etc.). The FeatureSet
entity depicts a generalization of the formats proposed by the 3D Tiles community
to represent geographic features: Batched 3D Model (b3dm), Instanced 3D Model
(i3dm), Point Cloud (pnts) and Composite (cmpt). A Geographic Feature (corre-
sponding to Geographic Feature of Gen3DGeo) can have a Geometry (Geometry of
Gen3DGeo). It can also have FeatureProperties (Thematic Attribute of Gen3DGeo)
such as application-specific attributes (e.g. the owner of a building) or appearance
information (e.g. color or texture coordinates). A Geometry can belong to several
Geographic Features, so it is possible to have a 3D model instanced several times
(e.g. with different positions or different scales such as in the i3dm format). At the
technical specification level, a Thematic Attribute is stored in a batch table or in a
feature table depending on the property and on the format (b3dm, i3dm, etc.).

We integrate the formalization of the temporal dimension proposed in Gen4DCity
with the entities in gray. Most of the concepts have been integrated by direct
mapping from Gen4DCity thanks to the abstract modelling work done in section 3.1
and to the mapping of Gen3DGeo to Logic3DGeo described above. VersionTransition,
Version and Transaction are aggregated in the Tileset since they are associated with
Geographic Features across the Tileset (i.e. that can be in different Tiles). The
Spatial Node’s Period (from Gen4DCity) is aggregated in the Bounding Volume and
not in the Tile (which could have been done by direct mapping since Spatial Node is
mapped to Tile). This way, not only can the Tile’s boundingVolume attribute have a

1
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Figure 3.5.: Logic4DCity: logical model for delivering time-evolving 3D city models on the
web based on extending 3D Tiles. A logical model of 3D Tiles, Logic3DGeo, is
proposed in white and the temporal extension is represented in gray. The recur-
sive composition association of Geographic Feature (thick line) is a conceptual

Period, but also its viewerRequestVolume and the TileContent’s boundingVolume. The
boundingVolumes make it possible to index Geographic Features using spatio-temporal
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representation of the batch_table_hierarchy extension of 3D Tiles.
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3.2.2

indexing methods. The viewerRequestVolume makes it possible to show the content
of a Tile only when the display date (date at which the data is displayed to the user)
is inside its Period.

In section 3.2.2, we propose the technical specification of the temporal formalization.

This technical specification is an extension of 3D tiles. We name it 3DTiles_temporal
(following the naming convention of 3D Tiles extensions).

Technical specification of the temporal extension

3D Tiles contains concepts named extension and extra that allow to extend the

core specification. Figure 3.6 is a proposition of description of these concepts.

Extension makes it possible to extend 3D Tiles entities. It has a name and it is
composed of an application-specific Object. An Object can be composed of other
Objects and/or Attributes. Extensions can be aggregated in an ExtensionSet. An
ExtraSet is a collection of Extras. An Extra is an application-specific Attribute, making
it possible to add specific metadata to 3D Tiles entities. All the entities of the 3D
Tiles specification can have an ExtensionSet and an ExtraSet. In other words, all the
implemented classes of Logic3DGeo (i.e. of the 3D Tiles specification) can have an
ExtensionSet and an ExtraSet.

ExtensionSet ExtraSet
+ name + name
0.1 <> 1
1.*
1__*
Extension
Extra
+ name
1
0..* 1
Object
1 <? 1 Attribute
+ name
o.* |+ value

Figure 3.6.: Description of the concepts for extending 3D Tiles.
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The 3DTiles_temporal extension specification is described with JSON schemas, which
we make available online®. It uses the Extension concept. This way, the core of the
standard is not modified, but there is still an impact on users of 3D Tiles.

The specification is composed of three Extension objects respectively aggregated
in Tileset, BoundingVolume and BatchTable. The extension of the Tileset has a
startDate and an endDate and stores versions, versionTransitions and transactions.
The extension of the BoundingVolume also has a startDate and an endDate to allow
the representation of 4D bounding volumes and hence the use of spatio-temporal
indexing. The BatchTable is where the thematic attributes of features are stored.
We extend it with two arrays representing the time of existence of each Feature,
namely startDates and endDates. The extension of the BatchTable also holds an array
of identifiers of Features, enabling their referencing in transactions and versions.
This specification results from models previously presented and in particular from
Logic4DCity.

The models proposed in this section allow to model the temporal dimension of 3D
city models by extending the 3D Tiles standard format. In particular, they allow
to keep track of the evolution of 3D city models’ features at various granularity
levels and to add thematic information to these, which was some of the challenges
stated in the introduction of this chapter. In the next section, we propose an
implementation of these propositions, demonstrating that they allow to achieve
interactive spatio-temporal visualization of large-scale time-evolving 3D city datasets
on the web.

Implementation and evaluation

In this section we present an implementation allowing to deliver and visualize time-
evolving 3D city models on the web with the 3DTiles_temporal extension proposed in
this chapter. We start with a presentation of the software architecture (section 3.3.1).
We continue with an evaluation of our propositions in comparison with existing
standards (section 3.3.2). We finish with the proposition of visualization rules for
urban evolution visualization and apply them for the visualization of a time-evolving
3D city model (section 3.3.3).
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3.3.1 Software architecture

We propose an open-source web prototype allowing to create, deliver and visualize
time-evolving 3D city models, implementing the 3DTiles temporal extension. The
software architecture of this prototype is represented in figure 3.7. In this section,
we only give an overview of this architecture to facilitate understanding of the
evaluation of our contributions. A more detailed view of the software architecture
and implementations are presented in chapter 5.

iTowns 8:] UD-viz @
«use»

3D Tiles @ <_ - City Objects @ Temporal @

() 3D Tiles HTTP Server

py3dtiles @

3DTilesServer:HTTP Server g]

3DTiles 3 ) o Ties 3]

temporal
extension

City Tiler S:] City Temporal @

Tiler

Figure 3.7.: Software architecture for creating, delivering and visualizing time-evolving 3D
city models, implementing the 3DTiles_temporal extension.

py3dtiles® allows to create 3D Tiles datasets from various sources (e.g. 3DCi-
tyDB [ 1, LAS files [ 1, etc.). We contributed to the implementa-
tion of the 3D Tiles specification in py3dtiles. In addition, we implemented the
batch_table_hierarchy extension of 3D Tiles (allowing to represent hierarchical rela-
tions between objects) and the 3DTiles temporal extension. We also implemented
two processes respectively allowing to create 3D city models in 3D Tiles (City Tiler*)
and time-evolving 3D city models in 3D Tiles extended with 3DTiles_temporal (City
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Temporal Tiler®). The City Tiler process allows to go from a 3DCityDB database
containing 3D city objects to 3D city models in 3D Tiles with tiles represented in
the b3dm format. The City Temporal Tiler takes two inputs: 3DCityDB databases
containing time-stamped city models of the same spatial area and a graph containing
the transactions between the features of these city models. From these inputs, it
computes a time-evolving 3D city model in 3D Tiles extended with 3DTiles temporal,
with tiles represented in the b3dm format. This process, as well as the pre-processing
steps allowing to compute the graph of transactions are fully detailed in section 5.1.
This implementation is currently available on a specific version of py3dtiles®. They
are planned to be integrated to the main version of py3dtiles after a few steps of
cleaning and refactoring.

The produced time-evolving 3D city dataset can be exposed through any HTTP
server (Apache in our case) and can be visualized in the UD-Viz” web client. UD-Viz
allows to visualize, analyze and interact with geographic data (3D city models,
vectorial resources, maps, etc.). It is based on iTowns®, a framework for visualizing
3D geographic data. We contributed to the implementation of of 3D Tiles in iTowns
to make it more compliant with the specification and more flexible. In particular,
it is now possible to declare 3D Tiles extensions and associated applicative code in
a web client using iTowns and to plug them to iTowns from this web client. The
3DTiles_temporal is implemented this way in the Temporal module of UD-Viz. This
Temporal module is also in charge of the interfaces related to the temporal aspect (see
section 3.3.3 for screenshots and for an example use case). The City Object module
of UD-Viz allows to interact with city objects in the 3D scene (e.g. to display thematic
information of a building selected from the 3D scene). These implementations
are currently available on specific versions of UD-Viz’ and of iTowns'’. They are
planned to be integrated to the main versions of iTowns and UD-Viz after a few steps
of cleaning and refactoring.

5https://archive.softwareheritage.org/swh:1:cnt:e9fca4145806c85d1ab4eec05cba628311fd3370;
origin=https://github.com/VCityTeam/py3dtiles/

6https://archive.softwareheritage.org/swh:1:rev:39b2318Ob47ed3b995aeb5b8fa45aff56b88d353;
origin=https://github.com/VCityTeam/py3dtiles/

"https://archive.softwareheritage.org/swh:1:rev:b5a523825862a3f2dd440c2922485cdd30009834 ;
origin=https://github.com/VCityTeam/UD-Viz/

®https://archive.softwareheritage.org/swh:1:rev:e996369f1da742b8ca923f4c64d656£8d1a537db;
origin=https://github.com/iTowns/itowns

9https://archive.softwareheritage.org/swh:1:rev:e915ff94f9902fa0def310e159beb3caf461ab59;
origin=https://github.com/jailln/UDV/

1Ohttps://archive.softwareheritage.org/swh:lzsnp:1f61a61af2dc46834e1086586373f043defcd687;
origin=https://github.com/jailln/itowns//
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3.3.2

Since the formalization of the temporal dimension has been integrated to 3D Tiles
as an extension (following the recommendations of the standard), it could be
implemented into other software components supporting 3D Tiles (e.g. Cesium'!).

Experiments and evaluation

The objectives of this section are to evaluate the scalability and the interactivity of
the 3DTiles_temporal extension. In particular, we show that it allows to visualize
large-scale time-evolving 3D city models while allowing interactive spatio-temporal
navigation. First, we present the dataset and the different standard representations
chosen for this evaluation (section 3.3.2). Secondly, we evaluate the interactivity of
the spatio-temporal navigation (section 3.3.2).

Datasets comparison

In order to evaluate the 3DTiles_temporal extension, we use a dataset representing
the buildings of the city of Lyon, France (48 km?) between 2009 and 2015. We
stored this dataset in three different ways: in CityGML, in 3D Tiles and in 3D
Tiles extended with 3DTiles temporal. We name these representations DS-CityGML,
DS-3DTiles and DS-3DTiles-Tmp respectively.

DS-CityGML is composed of three independent snapshots of the city of Lyon (2009,
2012 and 2015). The original data has been downloaded from the Grand Lyon open
data website'?. However, it has some quality issues. In particular, it has syntax
errors, the data structure and the version of CityGML are not the same between
vintages (2009, 2012, 2015). A pre-processing step allowed to correct these issues.
In addition, DS-CityGML has been simplified by removing textures coordinates and
generic thematic attributes that are not included in DS-3DTiles and DS-3DTiles-Tmp.
These quality issues are investigated in more depth in section 5.1. The pre-processing
steps involved for creating DS-CityGML are presented in more details in section 5.1.

DS-3DTiles is composed of the same three independent snapshots (2009, 2012 and
2015) of the buildings of the city of Lyon than DS-CityGML. It has been created by
converting each snapshot of DS-CityGML into the 3D Tiles format with the City Tiler
of py3DTiles presented in section 3.3.1.

11
12
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DS-3DTiles-Tmp represents the buildings of Lyon between 2009 and 2015 but
stored as a time-evolving 3D city model in 3D Tiles extended with 3DTiles temporal.
It contains states of buildings along with periods and transactions between these
states. It has been computed with the City Temporal Tiler of py3DTiles presented
in section 3.3.1. The input data are DS-CityGML and a list of changes between
the vintages. This list of changes has been computed with a geometric comparison
between the vintages, implementing the method described in [ ]. The process
for creating this dataset is presented in more details in section 5.1.

Table 3.1 compares the size in Megabytes of DS-CityGML, DS-3DTiles and DS-3DTiles-
Tmp, as well as the number of buildings they store.

Dataset Size (MB) Number of buildings

2009 1100 14827

. 2012 1110 14835
DS-CityGML

2015 976 24289

Total 3176 53951

2009 182 14827

. 2012 183 14835
DS-3DTiles

2015 261 24289

Total 626 53951

DS-3DTiles-Tmp 435 36975

Table 3.1.: Comparison of a dataset representing the buildings of the city of Lyon,
France (48 km?) between 2009 and 2015, stored in three different ways:
in CityGML (DS-CityGML), in 3D Tiles (DS-3DTiles) and in 3D Tiles extended
with 3DTiles temporal (DS-3DTiles-Tmp).

Table 3.1 shows that the size of DS-3DTiles-Tmp is 7.3 times smaller than DS-CityGML
and 1.4 times smaller than DS-3DTiles. The difference between the CityGML based
representation (DS-CityGML) and the 3D Tiles based representations (DS-3DTiles and
DS-3DTiles-Tmp) has two main explanations. First, DS-3DTiles and DS-3DTiles-Tmp
do not store the hierarchical structure of the data present in DS-CityGML. It could
however be added using the batch_table_hierarchy extension of 3D Tiles. Secondly,
the representation of the data proposed by 3D Tiles and based on JSON and binary
encoding is lighter than the xml-based representation CityGML. One can also note
that while the size of the 2012 vintage of DS-CityGML is bigger than the 2015 vintage,
it is the opposite for DS-3DTiles. This is due to the fact that the 2009 and 2012
vintages of DS-CityGML are stored in CityGML version 1.0, while the 2015 vintage is
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stored in CityGML version 2.0. However, the version of 3D Tiles is the same for all
the vintages of DS-3DTiles. In addition, the 2015 vintage represents buildings at a
higher level of detail than the 2009 and 2012 vintages. Therefore, the size of the
2015 vintage is bigger than the size of the 2012 vintage in DS-3DTiles.

Comparing the sizes of DS-3DTiles and DS-3DTiles-Tmp shows one advantage of
using the temporal extension proposed in this chapter. The model proposed for our
extension indeed enables a significant gain in size while allowing the storage of more
information describing the evolution of the city (periods and transactions between
features in this case) in comparison with CityGML and 3D Tiles. This size gain is
correlated with the reduction of the number of stored buildings. It indeed falls from
53951 to 36975 between DS-3DTiles and DS-3DTiles-Tmp (which represents a ratio
of 1.5). It is explained by the fact that a building having a persistent state in more
than one timestamp is stored multiple times in DS-3DTiles but only one time in
DS-3DTiles-Tmp. For instance, a building which is in the same state in 2009, 2012
and 2015 is stored three times in DS-CityGML and DS-3DTiles (once in 2009, once
in 2012 and once in 2015) and only one time in DS-3DTiles-Tmp (with the period
[2009; 2015]).

This memory gain is a great improvement, as reducing the size of the dataset makes
it possible both to reduce the network transmission time and the memory footprint
for the client, which are limiting factors for achieving interactive spatio-temporal
visualization and navigation. In the next section, we evaluate this gain in interactivity
for spatio-temporal navigation.

These results can be reproduced with the following procedure :

Spatio-temporal navigation evaluation

We recorded the time for loading, rendering and navigating in DS-3DTiles and DS-
3DTiles-Tmp to evaluate the interactivity of the spatio-temporal navigation. To this
end, they have been visualized in UD-Viz (presented in section 3.3.1). The following
experiments have been conducted with an Intel Core i7-4790K CPU @ 4.00GHZ
and with 32GB of RAM. The data have been delivered using a local web server and
visualized with a Firefox 67.0 web browser.

Table 3.2 presents the mean time as well as the standard deviation for loading
and rendering DS-3DTiles and DS-3DTiles-Tmp, measured on 10 samples. It shows
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that the time for loading and rendering DS-3DTiles-Tmp is lower than the time
for loading and rendering all snapshots (2009, 2012 and 2015) of DS-3DTiles (3D
Tiles). Moreover, DS-3DTiles-Tmp stores additional thematic information about the
evolution of features in time (transactions and features’ period) in comparison with
DS-3DTiles.

Dataset Mean loading and rendering time (seconds) Standard deviation
2009 1.4 0.03
) 2012 1.4 0.04
DS-3DTiles
2015 1.9 0.1
Total 4.7 N.A.
DS-3DTiles-Tmp 3 0.04

Table 3.2.: Time for loading and rendering DS-3DTiles and DS-3DTiles-Tmp

Figure 3.8 presents a comparison of the animation time when navigating between
timestamps with DS-3DTiles (3D Tiles) and DS-3DTiles-Tmp (3D Tiles temporal
extension). Each box represents a state at a given date indicated inside the box (&
indicating that nothing is displayed). The arrows express a change of state. The
mean loading and rendering time (seconds) are respectively in black for DS-3DTiles
and in green for DS-3DTiles-Tmp (respectively indicated as xx seconds / xx seconds).
The temporal extension introduces a small overhead for displaying the first state
(going from nothing to 2009 or 2012 or 2015). However, navigation in time is
significantly improved since it only takes 0.1 seconds to switch from one state to
another instead of 1.4 and 1.9 seconds with DS-3DTiles.

%)

1.4/3 1.4/3 1.9/3

K D
2009 97701 12912 1970.1 79912

'_Legend
Animation time with 3D Tiles (seconds)
Animation time with 3D Tiles temporal extension (seconds)_,

Figure 3.8.: Animation time comparison of DS-3DTiles and DS-3DTiles-Tmp.
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In the current implementation, the data is indexed according to a kd-tree. We
believe that implementing a spatio-temporal indexing method, such as an HR-Tree
[YPO1] for instance, may reduce the time for loading and rendering DS-3DTiles-Tmp,
especially for displaying the first state (from nothing displayed to a first state). Such
an indexing method would indeed allow to better organize the features along the
temporal axis and therefore reduce the number of features that are transmitted to
the client for the first display state.

Finally, our temporal extension allows to access information between the three
temporal states of DS-3DTiles (2009, 2012 and 2015). This idea is depicted in figure
3.9 where we can see that the temporal extension allows to navigate in transitory
states between two temporal snapshots. The measured time on this figure show
that this navigation can be done at a fraction of the cost than with classic 3D Tiles.
Therefore, our extension allows to greatly enhance navigation in time.

0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
2009 <1—l>@<k ----- 2012 4—»@« ----- 2015
1.4/0.1 1.9/0.1

[_Legend

Animation time with 3D Tiles (seconds)
Animation time with 3D Tiles temporal extension (seconds)

State at date Year

@ Transitory state between two dates N

Figure 3.9.: Temporal navigation comparison between 3D Tiles and 3D Tiles with temporal
extension.

These results can be reproduced with the following procedure : https://archive.

softwareheritage.org/swh:1:dir:b444ef8a41da04d5f9ff4ad6ebd3ecff0f485e77;

origin=https://github.com/VCityTeam/UD-Reproducibility

Visualize urban evolution in 3D and on the web

In this section, we propose visualization rules for displaying time-evolving 3D city
models represented in 3D Tiles extended with 3DTiles_temporal. The purpose of
these visualization rules are to highlight changes in the city to help understanding
urban evolution. Our proposition is to represent features’ known states in a reference
color (light gray in this example) and to showcase transactions between these states.
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Generally, transactions span for a certain amount of time and we do not have access
to the geometry of the feature(s) concerned by the transaction during this amount of
time. Therefore, we propose the following display rule for transactions: during the
first half of the transaction, the geometry of the previous known state is displayed.
During the second half of a transaction, the geometry of the following known state is
displayed. The type of transaction (creation, modification, etc.) determines the color
in which the geometry is displayed. In this example, only creations, modifications
and demolitions are managed. However, other transactions could easily be added
by following the same rules. Creations are in green, modifications are in yellow and
demolitions are in red. Finally, the opacity varies during the time of the transaction
in the way that it is equal to 1 at the beginning and at the end of the transaction and
to 0 at the half duration of the transaction. Between these timestamps, it decreases
on the first half of the transaction (from 1 to 0) and increases during the second
half of the transaction (from 0 to 1). Figure 3.10 illustrates this proposition on three
types of transactions.

Transaction Transaction

i State i i
Transaction Type first half second half State i+1
Creation = = =
[
N = 57 =
Modification
B
@
Demolition
[
Time
>

Figure 3.10.: Example of visual representation of buildings known states (state i and state
i+1) and of transactions between these states. States are in gray, creations in
green, modifications in yellow and demolitions in red.

These visualization rules have been implemented in UD-Viz (described in section
3.3.1). This implementation also allows users to navigate freely in space (3D scene)
and in time (with a time slider). Figure 3.11 shows two screenshots, representing
the visualization of a part of DS-3DTiles-Tmp (one district of the city) in 2013 (on
the left side) and in 2014 (on the right side).
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Figure 3.11.: Screenshots showing the evolution of a district of the city of Lyon (in 2013 on
the left side and in 2014 on the right side) visualized in UD-Viz and using 3D
Tiles extended with 3DTiles temporal.

In figure 3.11, we can clearly identify the changes occurring at these two dates.
In particular, we can see buildings that are being destroyed (in red), modified (in
yellow) and constructed (in green). Figure 3.12 shows a visualization of the full city
of Lyon in 2014. Visualizing the evolution of the city at this scale can be very useful
to detect areas where a lot of changes happen for instance. One can then zoom to
these areas to see more details about the changes (such as in figure 3.11).

Temporal Navigation

Figure 3.12.: Screenshot of the visualization of the city of Lyon in 2014 in UD-Viz, using 3D
Tiles extended with 3DTiles_temporal.

In this section, we showed a possible use case of the extension we proposed in
this chapter. Other visualization of the data may be implemented to suit specific
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user needs since it is independent from the data modelling part. However, this
visualization can be useful to understand and share urban evolution which is of big
interest for applications such as cultural heritage or urban planning.

These results can be reproduced with the following procedure :

Discussion

In this chapter, we proposed several contributions for time-evolving 3D city models
visualization on the web. First, we proposed Gen3DGeo, a generic conceptual
model for delivering 3D geographic features for web visualization based on standard
formats (3D Tiles and I3S). This model contributes to the geospatial community
with a conceptual and harmonized view of these standards, also aligning them
with propositions from ISO [ 1. Then, we proposed Gen4DCity, a conceptual
model for time-evolving 3D city models visualization on the web. This model
contains a formalization of the temporal dimension of cities, extending the work of
Renolen [ 1 and Chaturvedi et al. [ ] which is more flexible and aligns
typologies of changes. We also formalized 3D Tiles at logical level and integrated
the temporal dimension in Logic4DCity and proposed a technical specification of
the 3D Tiles temporal extension (3DTiles_temporal). After that, we provided an
open source implementation of this extension. This implementation allowed to
evaluate the interactivity of the spatio-temporal navigation in large-scale time-
evolving 3D city models. In particular, we demonstrated that our contribution
allows to significantly improve temporal navigation in comparison with a snapshot
based representation of the city. Finally, we proposed rules of visualization for
highlighting urban evolution and presented an example of visualization of the city
of Lyon, France. This implementation and evaluation are provided with detailed
notes available online and allowing to reproduce the results.

These contributions open potentials for new research and developments. First,
a specification of Gen4DCity to the I3S standard format may be studied in more
details. Secondly, we believe that spatio-temporal navigation performances may be
improved with the implementation of other data indexing methods such as spatio-
temporal indexing methods [ ; ; 1. We for instance expect
Historical R-Trees in their enhanced version (HR+-trees) [ ] to be an interesting
first lead to be evaluated since the indexing of the data has similarities with the
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3DTiles_temporal extension. In addition, they perform well on time-stamp queries
which are of particular interest in our use case. Such a spatio-temporal indexing
method could allow to implement a promising approach based on delivering the
temporal evolution as a progressive stream. Thirdly, we would like to propose
an example using all the concepts proposed in the formalization of the temporal
dimension (i.e. Versions and VersionTransitions). We are confident that this may
happen in the future since 3D city models datasets are now being produced on a
regular basis and their use for diverse applications is increasing. Therefore, more
data will become available and representing and analysing the evolution of 3D city
models will be of particular interest to exploit this data.

In the next chapter, we go further in representing the city and its evolution with
contributions allowing to integrate multimedia documents to time-evolving 3D city
models. These contributions will allow to prove past states of cities and why it
evolved in a certain way. In particular, it permits to integrate sources and proofs
regarding these states and evolution.

3.4 Discussion

53






Multimedia documents and
time-evolving 3D city models:
integration and navigation

Contents

Section 4.1 General concepts 56

Section 4.2 Time-evolving 3D city models and multimedia documents in-

tegration 58

Section 4.3 Implementation 61
431 Software architecture 61

432 Navigate in a documented 3D city on the web 62

Section 4.4 Discussion 66



4.1

56

In this chapter, we propose contributions to integrate and navigate multimedia
documents and time-evolving 3D city models. In this objective, we propose the
following contributions and outline:

* Developing a generic conceptual model for linking features (GenLinkable
model) (section 4.1)

* Specifying this model for multimedia documents and time-evolving 3D city
models integration (Gen4DCity-Doc, extending Gen4DCity) (section 4.2)

* Implementing a proof of concept for multimedia documents and 3D city
models navigation, enhancing the prototype presented in chapter 3 and docu-
menting the procedures to ensure reproducibility (section 4.3)

We finish this chapter with a discussion on the contributions and on potential future
leads (section 4.4).

General concepts

We introduce two concepts for features integration: Linkable Feature and Link
(specifying the concepts proposed in [Pap+94]).

Definition 1. Linkable Feature. A linkable feature is an abstract data type allowing
the operation “being linked to”.

Definition 2. Link. A link is an entity describing the relation between any two

linkable features. A link is not oriented, i.e. it expresses a two-way association.

A conceptual model describing these concepts and their relation is presented in
figure 4.1. We name this model GenLinkable.

‘ LinkableFeature

Feature

B

Feature
A

Figure 4.1.: GenLinkable: Conceptual model for linking features.

Chapter 4 Multimedia documents and time-evolving 3D city models: integra-
tion and navigation



We define the Link as a template class' with two template parameters : A and B.

This notation allows to express that a Link is between two entities A and B which
are template parameters that can be substituted by other entities. In this case, they
can be substituted to specify which entities can be linked (e.g. geographic features
with multimedia documents). This model choice is particularly useful to constrain
the possibilities of the types of features that can be linked. For instance, let’s take an
information system that manages sensor data streams, multimedia documents and
3D city models. This model for instance allows to limit linkage to the 3D city model’s
features and to multimedia documents. We give an example of binding in section
4.2. To constrain this model to geospatial information, A and B are features.

Linkable Feature is defined as an abstract class allowing the operation “being linked
to”. A Linkable Feature may be associated with 0 to many Links, allowing to manage
multiple relations between features. A and B are Linkable Features.

We propose a logical model of Link in figure 4.2.

1
1
1 B i
Ve e . Period
Link b_
+

startDate: DateTime
+ endDate: DateTime

l + description: string

Figure 4.2.: Logical model of Link.

The Link has a description attribute and a period. Description stores thematic infor-
mation while period stores temporal information (its period of existence in time).
The link’s period may indeed be different than the ones of A and B. For instance, a
multimedia document might refer a geographic feature only for a part of its (the
geographic feature) period. For consistency, we restrict the Link’s period to the
following. Let’s define two linkable features £F; and LF3, respectively having
the periods 7,71 and 7, r2. Let’s define £ a link with the period 7. If £ is a link
between LF; and LF,, then Tz € Tzr1 N Trra.

Figure 4.2 describes generic attributes of Link. Since it is a template class, classes
bound to Link may have other attributes (e.g. specific to one’s application and to
the features that are linked). A typical use case may be to add a spatial dimension
to the link, which can be useful when the link must be visualized in an end-user
application.

"https://www.uml-diagrams.org/template.html
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This model propose top-level concepts, providing a way to integrate features without
interfering with their representation in their respective formats. In the next section,
we specify this model for time-evolving 3D city models and multimedia documents
integration.

Time-evolving 3D city models and multimedia
documents integration

Figure 4.3 presents Gen4DCity-Doc: a generic conceptual model for time-evolving
3D city models and multimedia documents integration. This model extends Gen4DCity
(from figure 3.2) with GenLinkable (from figure 4.1) and with Multimedia Docu-
ments.
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< A->Multimedia Document Linkable,

«bind»

B->Geographic Feature Linkable >

PrimaryTransaction

+ type: TransactionValue

Multimedia Document DocGeolinks Geographic Feature
Linkable 1 0.% 0.% 1 Linkable
Multimedia
Document
Version 0.1 +from 1 VersionTransition
+ name + name
+ description + description
+ tags + il q
g. ) 0.1 +to 1 period Pen.o.d
+ period: Period + type: TransitionValue
Set
0..* 0.1
+ period: Period
1
0..*
. 1..% +versionMembers
0.% 0.* +source 0.1 Transaction
- Spatial Node 1 0..% Geographic Feature
+ description
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0.1 1 1
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Geometry Thematic Attribute
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TransactionAggregate
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TransactionValue TransitionValue
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+ endDate modification historical succession
union fork
division merge

Figure 4.3.: Gen4DCity-Doc: Generic conceptual model integrating time-evolving 3D city
models and multimedia documents.
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DocGeoLinks is bound to Link. The template parameter A is substituted by Multimedia
Document Linkable and B by Geographic Feature Linkable. These classes respectively
allow to express which concepts from the multimedia documents model and which
concepts from Gen4DCity are linkable. We represent the multimedia documents
model by the Multimedia Document entity. This entity is specified in section 4.3.
Several classes from Gen4DCity become linkable. First, Geographic Features (e.g.
buildings, bridges, etc.) can be linked with Multimedia Documents, which is a
common need for many documents such as pictures. Another typical need is to allow
the integration of Multimedia Documents and Transactions. Documents can indeed
help to give elements of proofs regarding how geographic features evolves in time
for instance. Figure 4.4 shows an example of links between multimedia documents,
geographic features and transaction.

Photograph

N

Bpuélr?wiwri]tglﬂ I:I I:I s,*"l’.ink
L1 ‘.....I..‘ink [ 1| video
OO

Modification ',.”.Link

I_Legend

Geographic . Multimedia
Transaction
Feature Document |

Figure 4.4.: Example of links between multimedia documents and geographic features and
transaction.

Similarly, Version and VersionTransition can be linked with Multimedia Documents.
Let us consider a version depicting the state of a city district before a renovation is
undertaken. One can then link building permits (which are multimedia documents)
to this version. Let us consider several other versions of this project and version
transitions between these versions. Multimedia documents related to changes that
are supposed to take place between these two versions can also be linked to these
version transitions.
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4.3 Implementation

The proposed implementation focuses on multimedia documents and city objects
integration as a first step. Figure 4.5 is a logical model showing the scope of the
implementation and the relation between the implemented classes and Gen4DCity-
Doc (figure 4.3).

Multimedia Document DocGeolinks Geographic Feature
Linkable Linkable
: : +id-doc +id-city-obj Geographic Feature
I DocCityObjectLink . .
Document 1 0.* 0. 1 City Object

Figure 4.5.: Logical model of the implemented link between multimedia documents and
city objects.

City object is a Geographic Feature. DocCityObjectLink is the entity describing links
between Multimedia Document and City Object. A physical model is presented in
Appendix B.

The models proposed in this chapter and this implementation are modular. Therefore,
the same process could be applied to other features (e.g. transactions). In section
4.3.1, we present the evolution of the architecture of our prototype to integrate
multimedia documents and links. Then, we demonstrate how the propositions of
this chapter enhance navigation in multimedia documents and 3D city models.

4.3.1 Software architecture

We enhanced the open source web prototype proposed in section 3.3.1 with an im-
plementation of the propositions of this chapter. The updated software architecture
is presented in figure 4.6. The components that have been added are in light blue.
Two modules have been added to UD-Viz® : Documents and Links. Documents and
Links modules are interfaced with corresponding REST APIs provided by UD-Serv®.

https://archive.softwareheritage.org/swh:1:rev:b5a523825862a3f2dd440c2922485cdd30009834 ;
origin=https://github.com/VCityTeam/UD-Viz/

*https://archive.softwareheritage.org/swh:1:rev:c89553bf9098246f59ec68df2b12501£698aff77;
origin=https://github.com/VCityTeam/UD-Serv/
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UD-Serv is a collection of server-side tools for converting, analyzing and exposing
urban data. In particular, it contains the Enhanced City module which exposes
APIs for realizing CRUD (Create, Read, Update, Delete) operations on multimedia
documents and links. City objects are stored in a 3DCityDB database (as explained
in Appendix B) and converted into the 3D Tiles format for visualization with the
City Tiler process of py3dTiles (presented in section 3.3.1). The 3D Tiles dataset is
delivered by a 3D Tiles HTTP Server. In UD-Vig, city objects are still managed by the

City Object module.
UD-Viz 8:]
Towns @ City Objects @ Temporal @
«wuse»
30Tiles 8 <<--
Documents @ Links @

M M
3D Tiles HTTP Server

py3dtiles @ Cﬁ
Documents Links ]

3D Tiles @ 3D Tiles @ REST API () f() REST API 3DTilesServer:HTTP Server @

temporal

extension UD-Serv 8:]

O O
City Tiler @ City Temporal @
Tiler
Enhanced City @

Figure 4.6.: Software architecture of our web based prototype, enhancing the sofware
architecture of figure 3.7 with the implementation of the propositions of this
chapter. The new software components implementing the propositions of this
chapter are depicted in blue.

4.3.2 Navigate in a documented 3D city on the web

The 3D city model used for the examples of this section represents the city of Lyon
plus two surrounding cities (Villeurbanne and Bron) (73 km? in total) in 2015.
The multimedia documents have been imported manually from the database of the
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“cultural heritage and general inventory” department of the Auvergne-Rhone-Alpes
region (France) (that can be consulted online*).

Our prototype makes it possible to navigate geolocated 3D city objects and multime-
dia documents in a separated or in an integrated way. An overview of its interface is
presented in figure 4.7. Two windows allow users to navigate multimedia documents.
The Document - Navigator window on the upper-left corner lists available multimedia
documents about the city, allows to filter them (e.g. according to their attributes)
and to create new ones. One can select a multimedia document from this window
to see its details in the Document - Inspector window in the upper-right corner. The
3D city is displayed in the background. Users can navigate freely in the 3D scene
and select a city object (highlighted in blue) to access its thematic information in
the City Objects window on the lower-left corner.

The links of a multimedia document and of a city object are respectively stored in
the Document - Inspector window and in the City Objects window. In this way, a user
which is consulting a document in the Document - Inspector window can directly
access linked city objects. Similarly, a user consulting a city object from the 3D scene
can access linked documents. New links can also be created from these windows.
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Figure 4.7.: Interface and main components of the prototype for linking and navigating
multimedia documents and city objects.

One technical question concerned the visual representation of the link in the 3D
scene since it does not have an intrinsic geometry. One possibility is to assign it one.
Previous work have been undertaken in that direction [Cha+ 16], where multimedia
documents are displayed as billboards placed over the city element they reference
and the link is represented by a line between a multimedia document and a city
object. However, this approach still leaves open questions such as: How to display a
big quantity of documents on a screen with a limited size ? How to place a document
when it has multiple links ? Another possibility is to highlight linked city objects and
multimedia documents. Highlighting objects for geovisualization is a well studied
subject [Rob11; Tral3] and several possibilities can be implemented depending on
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the use case. As a first step, we chose to highlight city objects by changing their
color and to showcase documents by displaying them in the Document - Navigator
and Document - Inspector window. Colors were chosen arbitrarily. We may use color
palettes (e.g. ColorBrewer®) in further developments.

Links allow to navigate from documents to city objects and from city objects to
documents. In addition, they allow to associate documents that cannot be integrated
to city objects at the visual level. Figure 4.7 shows such an example. A document
representing a scene happening in the interior of a building is displayed in the
Document - Navigator. To navigate from this document to city objects, a user
can choose to highlight city objects linked to this document with the the highlight
city objects button in the Document - Inspector window (see figure 4.7). This will
highlight linked city objects in dark blue. Then, a user can select one of these
highlighted city objects from the 3D scene. The selected city object is displayed in
light blue in the 3D scene and its details and links are displayed in the City Objects
window (such as in figure 4.7). Then, a user can navigate from this city object to
documents by clicking on the Show in navigator button of the City objects window
(see city object links on the lower-left corner of figure 4.7). This will restrict the list
of documents of the Document - Navigator to the one linked to this city object (three
in this case). Then, a user can choose one of this documents to display it in the
Document - Inspector window and continue navigating from this document to other
linked city objects.

Beyond navigation, it is also possible to extract and display quantitative information
about documents, city objects and links. From our interface, it is possible to display
such quantitative information by setting filters from the City Object window. These

first filters are given as examples and more complex ones could be implemented.

In particular, specific filters could be defined with cultural heritage experts or
researchers in urban heritage for instance. Figure 4.8 shows an example of such a
filter which highlights the city objects with at least one linked document.
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Selection @
§ ol t(s)

Figure 4.8.: City objects filters example. City objects having at least one linked document
are displayed in orange in the 3D scene.

These results can be reproduced with the following procedure : https: //archive.

softwareheritage. org/swh: 1: dir: 247366dc021f2b61a3d8abf6bc07be35b4e5d734;

origin=https: // github. com/ VCityTeam/UD-Reproducibility/ ©

Discussion

In this chapter, we proposed a two-step approach for integrating time-evolving 3D
city models and multimedia documents for navigation and visualization on the web.
First, we provided a generic conceptual model for linking features (GenLinkable
model). This model has the advantage of being non intrusive in the features’ models
(e.g. it allows multimedia documents and city objects linkage without the need
to modify their individual data models) and is generic to all types of features.
Secondly, we specified this model to integrate time-evolving 3D city models and
multimedia documents (Gen4DCity-Doc model). This model enhances Gen4DCity
with multimedia documents. Finally, we proposed an open source implementation for
3D city objects and multimedia documents integration and navigation by enhancing
the prototype previously introduced and provided an online documentation to ensure
reproducibility.

This prototype has been tested by urban heritage experts. First elements of evalua-
tion show that beyond possible ergonomic enhancement, this proposition enhance
navigation and may help experts and non experts to discover cultural heritage and

®The demonstration installed by following these reproducibility notes currently do not embed the
documents used in this section. However, one can add its own multimedia documents and try the
navigation possibilities.
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associated documentation. In addition, we discussed more evolved filters that could
be useful to them, such as: Which city objects have at least n linked documents ?
What are the city objects with the most linked documents ? . The first query may
help navigation by allowing a user to know where to look for documentation. The
second query may help to identify which city objects are well documented. In the
context of a participatory tool (which is was one objective of the Fab-Pat project),
it may be really useful for detecting famous city objects or particular events that
happened in relation to a city object. In the context of cultural heritage, crossing
such information with the list of city objects already considered as cultural heritage
by institutions can help detect city objects that might be (or need to be) considered
as cultural heritage in the future.

In the future, our generic proposition (GenLinkable) could be enhanced to permit
linkage of subsets of features. For instance, say that you have a city model containing
a building which is decomposed in walls and a roof. The building, the walls and the
roof are features. Let us consider a multimedia document that needs to be related
to a fragment of one of the walls (e.g. for specifying renovation work to do on
this fragment of wall). It may not be possible to create a new feature representing
the wall fragment in the city model to link a document to it. In this case, the way
to go with the current proposition would be to link the document to the wall and
to specify in the description attribute of the link that it refers a fragment of the
wall. However, this is not satisfying since it may be hard to clearly define the wall
fragment in the description attribute of the link. Similar examples could be found
with multimedia document referring to thematic attributes (e.g. to the owner of a
building). Therefore, it would be useful to be able to link subsets of features. One
interesting lead to do so may be to extend and specify the Anchor concept proposed
by Papa et al. [ ]. In their context, this concept indeed allows to refer specific
parts of a document (we remind that their objective is to develop a multimedia
information system and to allow linkage of multimedia documents). However, not
many details are given about this concept and about how it has been implemented.
In addition their scope is limited to multimedia documents while we aim at linking
features that can have geometric, temporal and thematic dimensions. Therefore this
concept would need to be extended to manage subsets of features in one or more of
these dimensions. Therefore, further studies will need to be carried out to integrate
this concept to GenLinkable.
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In this chapter, we provide an overview of the implementation have been realized in
this thesis. We present the following contributions and outline:

* A process computing time-evolving 3D city models in the 3D Tiles with
3DTiles_temporal extension from time-stamped 3D city model, contributing to
the propositions of chapter 3. We detail the different steps of this process, the
difficulties encountered and how we overcame them. (section 5.1)

* The 4-tier architecture of UD-SV' (Urban Data Services and Visualization) that
we contributed to design and implement in this thesis (section 5.2)

* Our approach for interoperable and reusable systems and for reproducible
experiments (section 5.3)

Time-evolving 3D city models creation process

The contributions of chapter 3 led us to propose a process for computing time-
evolving 3D city models. The need for this process stem from the lack of available
time-evolving 3D city models (i.e. 3D city models integrating the temporal dimen-
sion) and from the need to evaluate our contributions from chapter 3 on large
datasets. With the development of acquisition techniques, 3D city models are regu-
larly produced. Some of these represent the same spatial areas but at different dates.
For instance, the city of Lyon has produced and made openly available a 3D city
model of its agglomeration every three years since 2009. These time-stamped 3D
city models constitute a good data source to create time-evolving 3D city models.

Figure 5.1 present an activity diagram describing the process for creating a time-
evolving 3D city model in 3D Tiles with the 3DTILES temporal extension from
time-stamped 3D city models (vintages) in the CityGML format. This process is
based on three main steps:

* Step 1: Improving data quality. As we will see in section 5.1.1, working
from data acquired from the real world can be challenging and corrective steps
must be realized before any other processing step.

* Step 2: Detecting changes. This step is described in section 5.1.2 and allows
to detect geometric (e.g. modification of the geometry of a roof) and thematic
changes (e.g. grouping together two different buildings).
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* Step 3: Aggregating into a time-evolving 3D city model. This step consists

in aggregating the vintages in one time-evolving 3D city models containing

spatio-temporal city objects and transactions between them. It is described in

section 5.1.3.

Step 1: Improving data quality
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Figure 5.1.: Activity diagram of the process to create a time-evolving 3D city model in 3D
Tiles with the 3DTiles_temporal extension from time-stamped 3D city models
in the CityGML format.

These processing steps are spread over several software components (see Table

5.1).
Software component Action
Split Buildings
3DUSE P &

Change Detection

3DCityDB 3DCityDB Importer
GraphML Reader
3DCityDB Reader

py3dtiles Graph Simplification

Temporal Tiler

3D Tiles temporal Writer

Table 5.1.: Actions of the activity diagram of figure 5.1 and the software components that
realizes them.

This process has been tested on the 2009, 2012 and 2015 vintages of the city of Lyon
since it is currently the only large-scale 3D city model openly available at different
dates in the CityGML format. In addition, we focused on buildings as a first step.
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However, this process has been designed in a modular and generic way to allow its
usage for other city objects (e.g. bridges) and other datasets (e.g. representing other
cities).

Step 1: Improving data quality

The Grand Lyon provide no information about the quality of the data it provides.
For instance, there is nothing on geometric precision of the data. In addition, the
acquisition and data creation processes are not detailed which does not allow to
evaluate the quality of the input data. While working with this data, we found
out many quality issues. We classify them and propose methods to overcome them.
Some of these issues may be specific to the data of the city of Lyon. However, it
illustrates the difficulties that can arise when working with open large-scale datasets
acquired from the real world. In addition, we believe it may be useful for future
work with this data or with similar datasets from other cities. This analysis has been
summarized for readability reason but more examples are provided online”.

We found quality issues of two types: intra-vintage (related to one time-stamped
3D city model) and inter-vintages (related to inconsistencies between several time-
stamped 3D city models).

Intra-vintage quality issues

First, there is encodi<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>