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Zusammenfassung

In dieser Dissertationverden Konzepte fir die Entwicklung von Geodaten Infrastrukturen mit
einemSchwerpunkt auf die Visualisierung von 3D Landschaftel Stadtmodelle in verteilten
Umgebungemliskutiert. Geodaten Infrastrukturesind fur die 6ffentlichen Verwaltungen wichtig,

um tagliche Aufgaben zu bewerkstelligen und dienen der Geoinformatikoadshungsthema.
Gemeinsame Initiativen zur Harmonisierung von Vorgehensweisen und Technologien existieren
auf nationaler und internationaler Ebene. In diesem Zusammenhang stellt Interoperabilitdt einen
wichtigen Aspekt dar als technologische Voraussatrn) um georaumliche Daten auszutauschen,
bereitzustellen, und um Dienste untereinander zu verbiridesaOpen Geospatial Consortium
treibt mal3geblich die Entwicklung von internationalen Standards in diesem Bereich voran und
bindetBehorden, Universitadtemd private Unternehmen in einem Konsensprozess ein.

3D Stadtmodelle erden nicht nur in Virtual Reality Anwendungen fiir den Desktop zunehmend
populérer, sondern werden auch von Behorden fir professionelle Zwecke eingésetiaten
Infrastrukturen konzentieren sich bisher auf die Speicherung und den Austausch von 3D
Gebaude und Gelandedaten. Fir eine effiziente Ubertragung und Visualisierung von raumliche
3D Daten in verteilten Netzwerkumgebungen wie das Internet missen Konzepte aus dem Gebiet
der 3D Conputergraphik angewandt und mit Geographischen Informationssystemen (GIS)
kombiniert werden. Beispielsweise werden normalerweise Szenengi@pltamstrukturen zur
Erstellung von komplexen und dynamischen 3D Umgebungen fir Computerspiele und Virtual
Reality Anwendungen eingesetzt, welche aber bisher noch keinen Eingang in GIS gefunden
haben.

In dieser Dissertatiomwerden mehrere Aspekte beleuchtet, wie interoperable und disastate
Umgebungen fir raumliche 3D Daten erstellt werden konnen. Diese Aspeaktienvin
Publikationen in Journals und Konferenzbé&nden behandelt. Das Einfuhrungskapitel bringt die
behandelten Themen in eine logische Reihenfélgeon geometrischen Operationen fir die
Prozessierung von Rohdaten, zu Vorgehensweisen der DatenintegmatioBystemdesigns
einzelner Komponenten, zur Beschreibung von Diensteschnittstellen und Arbeitsablaufen, und
schlieB3lich zu einer Gesamtarchitektur eines verteilten SeNataverks.

Digitale Gelandemodelle sind wichtige Bestandteile von Systemen zualiismung von 3D
Geodaten. Deren Datenstrukturen sowie Methoden und Prozesse, um sie in-li¥siesten
Infrastrukturen bereitzustellen, werden beschrieben. Eine spezielle Ausdinnungsmethode wird
verwendet, um niedrigere Detaillierungsgrade aus seHiegrd®unktdatensatzen zu erzeugen.
Eine Integrationstechnik wird vorgestellt, die die Kombination mit 2D GIS Daten wie zum
Beispiel StralBen und Landnutzungsflachen erlaubt. Dieser Ansatz ermoglicht auch eine andere
Optimierungstechnik, die die Nutzbarkeiirfimmersive 3D Anwendungen wie zum Beispiel
FuRgéangernavigation mal3geblich verbessert: die Abflachung von Stralkenl
Wasseroberflachen. Diese basiert auf einer geometrischen Operation, welche Datenstrukturen und
Algorithmen verwendet, die man in numehser Simulationssoftware findet und als Finite
Elemente Methode bezeichnet wird.

3D Routing wird als typisches Anwendungsszenario fur detaillierte 3D Stadtmodelle erortert. Fur
spezifische Problemstellungen im Zusammenhang mit Briicken, Uberfilhrungen uyel We
Netzwerken mit mehreren Ebenen werden Ldsungsansatze beschrieben. Die Einbindung von
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Routingfahigkeiten in Dienstmfrastrukturen kann durch Standards d@pen Geospatial
Consortiuns bewerkstelligt werden. Ein ergdnzender Dienst wird beschrieben, efledeb
Erstellung von 3D Netzwerken und einzelner 3D Routen bei Bedarf zum Einsatz kommt. Die
Visualisierung von Routen innerhalb von Gebauden erfordert wiederum andere
Darstellungsmethoden.

Als Diensteschnittstelle zur Bereitstellung aller 3D Daten ist\Web 3D Service benutzt und
weiterentwickelt worden. Zur Erstellung von detailreichen virtuellen Umgebungen wird auf die
Integration und Verwendung von Szenengraphen eingegangen. Auf Koordinatentransformationen
von Szenengraphen wird im Detail eingegangkndies einen wichtigen Aspekt darstellt, um die
Interoperabilitdt zwischen System zu gewahrleisten, die unterschiedliche Koordinatensysteme
verwenden.

Der Web 3D Service spielt eine zentrale Rolle in nahezu allenhgefihrterExperimenten Er

dient ncht nur als Mittel, um interaktive Visualisierungen im Web zu ermoglichen, sondern auch
fur weitergehende Analysen, fur den Zugriff auf detaillierte Sachinformationen, und fur die
automatische ErschlielBung von Inhalten.

Fur die Entwicklung einer komplettefrchitektur, und um die Skalierbarkeit von 3D Geodaten
Infrastrukturen zu demonstrieren, wir@penStreetMapund andere weltweit verfligbare
Datensétze verwendet. Die Eignung vOpenStreetMals Grundlage fur die Generierung von

3D Stadtmodellen wird anhd von Anforderungen aus internationalen Standards analysiert. Auf
dieser Basis wurde ein komplettes System fir einen Virtuellen Globus entwickelt, inklusive
Datenprozessierung, Datenbank Speichersystem, Web Streaming, und einem Visualisierung
Client.

Absdliel3end werden die Resultate diskutiert und verglichen mit &hnlichen Ansatzen innerhalb
der Geoinformatik-orschung, um darzulegen, in welchen Anwendungsszenarien und unter
welchen Bedingungen die Ansétze in dieser Dissertation anwendbar sind.



Summary

In this thesis, concepts for developing Spatial Data Infrastructures with an emphasis on
visualizing 3D landscape and city models in distributed environments are discussed. Spatial Data
Infrastructures are important for public authorities in order to perfasks on a daily basis, and

serve as research topic in geformatics. Joint initiatives at national and international level exist

for harmonizing procedures and technologies. Interoperability is an important aspect in this
context- as enabling technalyy for sharing, distributing, and connecting geospatial data and
services. The Open Geospatial Consortium is the main driver for developing international
standards in this sector and includes government agencies, universities and private companies in a
COrsensus process.

3D city models are becoming increasingly popular not only in desktop Virtual Reality
applications but also for being used in professional purposes by public authorities. Spatial Data
Infrastructures focus so far on the storage and exchain8P building and elevation data. For
efficient streaming and visualization of spatial 3D data in distributed network environments such
as the internet, concepts from the area of real time 3D Computer Graphics must be applied and
combined with Geographinformation Systems (GIS). For example, scene graph data structures
are commonly used for creating complex and dynamic 3D environments for computer games and
Virtual Reality applications, but have not been introduced in GIS so far.

In this thesis, sevefraspects of how to create interoperable and sebased environments for

3D spatial data are addressed. These aspects are covered by publications in journals and
conference proceedings. The introductory chapter provides a logic succession from gabmetric
operations for processing raw data, to data integration patterns, to system designs of single
components, to service interface descriptions and workflows, and finally to an architecture of a
complete distributed service network.

Digital Elevation Modelsare very important in 3D gedsualization systems. Data structures,
methods and processes are described for making them available in service based infrastructures. A
specific mesh reduction method is used for generating lower levels of detail fronange\pbint

data sets. An integration technique is presented that allows the combination with 2D GIS data
such as roads and land use areas. This approach allows using another optimization technique that
greatly improves the usability for immersive 3D apglions such as pedestrian navigation:
flattening road and water surfaces. It is a geometric operation, which uses data structures and
algorithms found in numerical simulation software implementing Finite Element Methods.

3D Routing is presented as a tygdi@pplication scenario for detailed 3D city models. Specific
problems such as bridges, overpasses and multilevel networks are addressed and possible
solutions described. The integration of routing capabilities in service infrastructures can be
accomplishd with standards of the Open Geospatial Consortium. An additional service is
described for creating 3D networks and for generating 3D routes on the fly. Visualization of
indoor routes requires different representation techniques.

As server interface for pviding access to all 3D data, the Web 3D Service has been used and
further developed. Integrating and handling scene graph data is described in order to create rich
virtual environments. Coordinate transformations of scene graphs are described iwbetails

an important aspect for ensuring interoperability between systems using different spatial reference
systems. The Web 3D Service plays a central part in nearly all experiments that have been carried
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out. It does not only provide the means for iatéive webvisualizations, but also for performing
further analyses, accessing detailed feature information, and for automatic content discovery.

OpenStreetMap and other worldwide available datasets are used for developing a complete
architecture demonstiag the scalability of 3D Spatial Data Infrastructures. Its suitability for
creating 3D city models is analyzed, according to requirements set by international standards. A
full virtual globe system has been developed based on OpenStreetMap includipgpdassing,
database storage, web streaming and a visualization client.

Results are discussed and compared to similar approaches withinfayematics research,
clarifying in which application scenarios and under which requirements the approaches in this
thesis can be applied.
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1 Introducbry Chapter

1.1 Background

Efforts to establish national or international spatial data infrastructures (SDIs) focus on the
irel evant base col | esandinstiutiood arrangeenénts that taglitate he p o |
availability of and access to spatial dat ao (
unifying the work at local surveillance offices and other public authorities tasked with collecting
variows kinds of spatial information. Before the advent of standardized procedures and protocols,
each municipality implemented its own island solution for storing and distributing geo
information using commercial products orhnuse software. This situation dethe exchange of

geo data between different authorities difficult.

Nowadays, common protocols, formats and system interfaces have been agreed upon on different
organization levels greatly facilitating the exchange of data. This is important for cglecti
information on socieeconomic phenomena, infrastructures, utility and communication networks,
properties, building structures, ecotopes, and any other spatial data set that is relevant to public
authorities. Although the implemented systems may not baes changed, additional service
interfaces were installed, enabling content discovery of available data sets and fully automatic
data download and map production from remote workstations. The harmonization activities are
guided and monitored by federalnda regional bodies. In Germany, the GDE
(Geodateninfrastruktur Deutschland) initiative is jointly run and financed by the federal
government, states, and municipalities. Its main function is to develop concepts for creating
technical infrastructures antb guide activities towards implementing common norms and
standards; also to align federal activities with European road maps and directives. On the
European level, the INSPIRE initiative aims to create a European Union (EU) spatial data
infrastructure wih a focus on environmental spatial information. It also takes up the cause of
facilitating public access to spatial information across Europe. The following INSPIRE principles
(among others) taken from the official website illustrate the ideas and titg afi such

initiatives: a) Adata should be collected onl
effectivel yo, b) it should be possible to co¢
sources across Europe and share it with many usera@and | i cati ons o0, and c) |
geographic information is available, how it can be used to meet a particular need, and under which
conditions it can be acquired and used. o0 (I NSPF
Aside from the organizational aspect, an importapic of SDIs is interoperability. On the system

l evel, i nteroperability Arefers to the abilit
information portability and interapplication a

2004). It allows baring data and linking services easily between different public authorities,
companies, and private actors. Combining data and services in order to create new applications
with added value is often referred to as Maiis. For example, as base topograpimap
provided by a federal mapping authority may be combined with a data set showing rental prices
provided by a private agency. On the technical level, interoperability relies on standards for
encoding geo data and for defining interfaces that enableteegoess to geo data and services.

The standards that are used by the geo information sector are mostly defined by the Open



2 Introductory Chapter

Geospatial Consortium (OGC). The OGC is an international industry consortium of several
hundreds of companies, government agenares universities including the main actors within

the geo information industry and SDI initiatives. Publicly available interface standards are
developed in a consensus process and have been widely adopted by software developers around
the globe. OGC stand#s do not only enable the exchange of maps and data, but cater to a wide
range of applications with a geospatial context. The most important standards are Geography
Markup Language (GML) for encoding map data, Web Map Service (WMS) for generating maps,
Web Feature Service (WFS) for accessing map data, Web Coverage Service (WCS) for accessing
raster data sets, Styled Layer Descriptor (SLD) and Symbology Encoding (SE) for controlling the
appearance of maps, and Open Location Service (OpenLS) for providingdyjgg and routing
functionality. In this thesis, the principles and best practices developed within the OGC are always
considered when designing interaction patterns and developing new approaches for 3D Spatial
Data Infrastructures.

Virtual city and lamlscape models have been made popular by the industry, especially by
commercial map providers. Google Earth and Nokia HERE are twoeknelln examples of

online platforms that are targeted at consumers and enable an interactive experience of many
metropoliin areas. Virtual Globes have partly replaced traditional 2D maps as means of
communicating geospatial information. Also Creating Mblgs is possible to a certain degree.

User generated content and custom data can be added to the base data (terrayn anthgiey
models), which is controlled by the map providers. Some advanced examples feature trajectories,
animated GPS tracks, and live sensor data. Usually the provided interfaces are designed for
thematic mapping, store finders, and location baseticatipns. The pervasive usage of this kind

of MashUps is sometimes referred to as the Geoweb (Voloder 2010). However, the solutions
advertised by commercial providers must be considered as centralized and proprietary approach,
because the server interéacfor streaming data are fully opaque and base data layers are fully
controlled by the map provider. This is why they fall short of advancing SDIs to include also 3D
city models. City municipalities usually have much higher resolution digital elevatiatelmo

which they cannot use in such a centralized framework.

For describing and exchanging 3D city models, the OGC developed the City Geography Markup
Language (CityGML) standard, which has been adopted by most public authorities. It is basically
an appliation schema for GML, specialized on describing fmade and natural features in

ur ban environment s. AnCi tyGML defines t he cl

topographic objects in cities and regional models with respect to their geometricabgtogiol

-

C

semantical , and appearance propertieso (Gr°ger

not only comprise building structures, but also tunnels, bridges, elevation, water bodies,
vegetation, transportation, and city furniture, each destiibe specific module. The benefit of

using CityGML is that each element can be described by a predefined feature type, which
provides an inherent semantic structure. For example, the facades and the roof of a building can
be described as elements callédallSurface and RoofSurface, respectively, which allows
applications to extract only roof surfaces for insolation analysis. Another important aspect of
CityGML is the support of mulscale representations by explicitly defining multiple Levels of
Detail L OD) . ADiIi fferent LODs often arise from i
facilitate efficient visualization and dat a
LODs with increasing geometric and thematic differentiation is specifieteiail, which serves

as a guideline for municipalities when creating 3D city models.

n



The LOD concept has been playing an important role in 3D computer graphics for a long time.
Luebke et al. (2003) give a comprehensive overview of methods and tecksolbgese are
basically implemented in order to handle very large data sets and complex virtual worlds. Since
the capacity of graphics hardware is limited, only a portion of the data set is rendered. The LOD
concept involves decreasing the complexity of @iject representations as the virtual viewpoint
moves away from them, so that only as much elements as necessary are rendered without
compromising the visual quality too much. The complexity can be measured by simply counting
the number of triangles pebjct geometry, but it can also include the significance of building
elements (Coors 2001). For example, building installations and other smaller structures may be
omitted with increasing distance. Deriving simplified versions of objects often involves mes
reduction techniques using geometric error metrics (Garland and Heckbert 1997, Hoppe 1997).
They are often used for simplifying densely triangulated 3D models generated from laser scans.
3D Simplification is closely connected with the concept of map rgdimation. Due to the high
complexity of 3D city and landscape models, generalization is often needed for creating
interactive 3D visualizations or displaying data in 3D Geographic Information Systems at multiple
scales. A 3D city model may be rendereffedently when displayed at a small scale from above
and when displayed from a pedestrian perspective. The generalization method for objects of the
built environment may require adaptions to generic mesh reduction methods in order to take into
account thetypical shape of buildings, which usually have rectangular and repetitive elements
(e.g. Sester 2007).

Generalization is in particular essential for displaying large terrain models. In contrast to objects

of the built environment, terrain is representgdabsingle continuous surface, for which specific

LOD and streaming methods can be implemented. A widely used approach is to split the surface
into a hierarchical set of rectangular areas represented by triangle meshes or height grids (e.g.
Hoppe 1998). Tis approach can be easily combined with-olutore rendering systems and web
streaming and matches the data structures used for online map portals. Other approaches use a
progressive refinement of continuous surfaces based on a regular spatial pattbain@&au et al.

1997).

1.2 Motivation

Conceps from the domain of interactive computer graphics have been already used in system
designs targeted towards 3D gésualization andyeospatial Mastps. Howeverjnternational
standards and common practices depet for Spatial Data Infrastructures have been mostly
ignored so far by these systems, making it difficult to reuse existing 3D assets and data sets, e.g.
architectural models. Moreover, a service level is required for providing the logic of automatic
cortent discovery and data access. Implementing 3D Geographic Information Systems (GIS) in
web environments raises a couple of issues. The need to work with-resoltition
representations for effective visualizations as described above is one importat Aspther

one is that the data structures currently used in GIS do not support interactive 3D graphics very
wel | . Derived from standards that have been de
they have a very flat structure with a strict ggerence and partly quite inefficient geometric
representations with a lot of redundancies. The Simple Feature standard ISO 19125 (ISO 2004) is
often used as a basis for deriving domain specific standards. In CityGML for example, each
coordinate must beedined in a Coordinate Reference System, usually a cartographic projection.
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3D shapes are defined as set of 3D polygons with redundant coordinates. 3D graphics systems
such as 3D authoring tools used for modeling and rendering libraries use hierarctacal da
structures known as scene graphs. For efficiently streaming and rendering large virtual worlds,
indexed geometry representations in local Cartesian coordinate systems are used, which are
georeferenced by applying transformation matrices. This concegsasdeployed by 3D web
encoding standards, e.g. X3D (Brutzman and Daly 2007). Due to different requirements of
geographic analysis and interactive 3D graphics systems, a conversion process is often
implemented, which prepares geospatial data sets foighesed in web environments (Mao
2011). Also the integration of 3D assets from object libraries and Computer Aided Design (CAD)
systems requires the support of hierarchical structures. There is an increasing interest in the
integration of GIS and Buildingnformation Modeling (BIM) (e.g. Isikdag and Zlatanova 2009,

Laat and Berlo 2011), examining the differences between both worlds.

Moving away from specialized GIS data structures for describing the built environment, terrain,
and abstract information sudms Points of Interest (POIs), and incorporating graphics based
concepts allows for optimization techniques that help publish 3D city models in the web. This
concept is known as portrayal pipeline, described by Cuthbert (1998) and Willmes et al. (2010). It
has been used in 2D web mapping for a long time, with OGC WMS and tile caches serving
rendered 2D maps that can be displayed by desktop GIS software, browser plugins, and mobile
applications. 3D portrayal in web applications is possible either by rendesisgective images

on the server, which can be integrated into a cube map as described by Hildebrandt et al. (2011),
or by providing scene graph elements that can be rendered by web clients using 3D hardware
rendering. The introduction of WebGL in browséras boosted the development of interactive 3D
applications for the web, also for geospatial visualization (Christen et al. 2012).

However, there is currently no OGC standard for 3D portrayal available, which could take
advantage of advanced geigualization methods as described above. However, the availability
of an open international standard is mandaforya wider adoption of 3D geasualization and

for the inclusion in SDI initiatives. Such a standard could be formally described including
interfae definitions, output formats, and access patterns, and disseminated within the geo
information science community.

1.3 ObjectivesandResearch Questions

The main objective of this thesis is to enable interactive visualizations of large or detailed
geospatial3D data sets over the web by merging concepts of Spatial Data Infrastructures and
Computer Graphics. This involves distributed systems comprising various compaohants
interact with each other. The architecture of such distribgiglems aiming at intactive
visualizationmust be investigatedThe architecture must enable the capability to merge with
existing Spatial Data Infrastructure initiatsr@r reuse existing component§his integration
capability refers to both existing data and existing sebvid herefore, integration methods must

be developed both on the data processing levebaride service level. Concepts from Computer
Graphics that can be used in the geospatial domain must be identified. However, the spatial
context must be preservedrdlnghoutthe systemAn important part of this architectuis the
definition of a 3D portrayal servicgvhich allows the integration of gagsualization into SDIs.

The secondary objective is &valuate the validity of the proposed appresdty implementing
this system based on available data from land surveying offices and globally available map



projects. Sincgéhe actuablata capturingrocess is not covered, it is assumed that detailed 3D city
models are already available. The implementation mustircoror refute the suitability of
developed concepts and methods.

These objectiveled to the research questions formulatethenfollowingsectiors.

1.3.1 Which coreComponentsonstitutevisualizationcentric3D Spatial Data
Infrastrctures and whiclexiging Sandards can be used?

Spatial Data Infrastructures are tightly coupled with standards for storing, accessing, exchanging,
and visualizing geospatial datahdse standards haveenalready established and are widely
used in SDI initiatives. Best prtices on how to deal with specific use cageg. harvesting and
distributing meta data, combining remote and local data in desktop GIS, and others, have been
developed over time. Components have been developed or existing products have been extended
by the industry and universities in order to comply to these standards, thus enabling
interopeability. The architecture o& SDI is ddined by the interrelationship between components

and theinvolved workflows and depends on the involved data, technicabbaand of users, and
organizational structures, and other factok&sualization and rendering techniques for spatial
data are important insofar as quick browsing in large data sets must be p&ssible.initiatives

focus onsmall scale 2D dat&Dls for 3D landscape and city models require slightly different
configurations. International standards for encoding 3D city models do exist, but service
interfaces especially for 3D web visualizations are still being developed. In order to facilitate the
integration into existing initiatives, already established components should be reused, avoiding
redundant workflows. The capabilities of these standards and components for handling 3D geo
data must be examined and missing standards identified. In this aisexconceptand data
structurefrom Computer Graphics must be encompas$ée requirements of new components
must be defined and implemented as transparent specifications.

This research question isainly addressed in chapt8r providing an overview oavailable and
new componentsChapter5 and chapte6 contain crossreference to this research question.
Chapter7 provides detailsmthe 3D portrayal service.

1.3.2 How can existind-ocation BasedServices be used in a 3D web\#ronment?

GIS and SDI concepts not only revolve around rendering and visualizBiten more important

is access to feature information, analytical capabilitiad, tae capability tonclude remote data

on locations and networks. While the core SDI components provide the backbone for storing,
processing, and distributing the main data sets and meta data, a group of services provide access
to hidden datawhich is mly extractedand visualizedbn demandThese services are commonly
used in combination with speci These Locaton Basédo n s ,
Services provide capabilities for searching for addresses, listing Points of Interestkardani

spatial entities represented as points within a specific area or around a specific location, and find
routes between addresses or locations. They are often used in web portals (e.g. store finder)
targeted towards consumeldethods must be ident#fd or developed for including Location
Based Services in 3D web environments and for displaying results in detailed 3D city models.
Chapter3 and tapter4 specifically discusghe integration of GC route services. l@&apter5
describes howo include location information based on existing OGC standards.
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1.3.3 How can existing 2D Map &tabe reused in3 City Models?

Creating 3D city models usually involves new data captuaimdymodeling methods, e.g. LIDAR

and photogrammetric approaches. However, city municipalities have already collected a vast
amount of geospatial data, including land use areas, topographic details, utility networks, cadastre
and property data, soil typegegetation areas, road surfaces, among others. In 3D systems, this
data must be displayed on the digital terrain model providing the height information. Usually, map
images are generated from this data which are then draped on the terrain. This appalath is

for small scale maps, but has some disadvantages when used for creating immersive 3D city
models. The connection to the original map features is lost because pixels do not contain any
additional information. Map images must be rendered again drdift style rule are applied. At

| arge scal es, i . e. at close distances, t he i
edges cannot be represented very well. Rendering text and labels in map images is not optimal
because viewing angles in 3ewers are not fixed. These issues affect the consistency and visual
quality of the ground surface, which is an important part of 3D city models. Alternative methods
must be developed that allow dynamic styling and provide a lodrcaitsre that can beeused in

3D GIS.

Moreover, semantic information and the availability of additional attributes may help improve the
quality of digital terrain models. Due to the capturing techniques of surface data and the usual
encoding as raster data sets, lineaniest and vertical structures cannot be represented very well.
Moreover, elevation data often contains noise, i.e. small random vertica. din@r question is

how feature type information of 2D vector data can be used in order to further improveskhe fid

and visual quality oferrain moded. Depending on the surface type, properties such as roughness,
slope, and the probability of vertical structures may be constrained. This research question is
addressed in chaptets and 4. Chapter 2 describes the geometrical operations of 2D data
integration. Chapte# focuses on a surface flattening approakt.a crosgeference, chaptes

shows howthis concept is applied to VGI data.

1.3.4 What are therhplications of using Scene Graplafa in distributed GIS?

3D SDIsand GISmust borrow concepts from Computer Graphics for several reasons. The data
creation process can involve r@iS tools, especially wvén highly detailed models are involved.

The huge amount of data calls for efficient streaming and rendering techniques. Real time 3D
renderingcannot handle spatiaéference systems very well and requires more complicated data
structures. Scene Graph datatructures are commonly used by 3D modelers for storing
hierarchical relationships between parts. A comparable structure is used in CAD for creating
assemblies and digital mockups comprising multiple parts. Therefore, it musidstigated, to

what degee GIS typical data models, specifically for describing the geometrical properties, can
be exchanged with or amended ®gene Graph data structur@sd which implications of using

them in SDIs entailsThis research qus#ion is addressed in detailchaper 7.

1.3.5 Can Volunteered Geogphic Information provide adsisfor creating 3DSpatial Data
Infrastructure?

As mentioned in research questitr8.3 existing data sets should be incorporated in 3 ci



models, avoiding redundant data capturiviglunteered Geographic Information (VGI) plays an
important role in gespatial business and science and let to one of the biggest globally available
map data collections. Being a global movement developingvits dynamics, the structure,
accuracy and semantics of spatial data is often not homogeneous. However, in contrast to local
projects that are referenced based on local map projections, VGI uses a globally eféoemce
system. Since buildingutlines @count for a large portion of the whole data set, VGI can be seen

as potential source for creating a worldwide 3D model that can be used inT8BIguestion is

how 3D models can be generated from a data set that has been originally collected with the use
case of generating 2D maps in mind, but not 3D city modfetertain quality measures can be

met, VGI could provide a basis for a global reference frame, which could be completed or
amended by more detailed 3D data from other projects. This reseastiogus addressed in
chapters and in chapte6. Chapter5 focuses on the availability of location data, while chapter
describes the press of creating 3D landscape and city models from OpenStreetMap data.

1.4 Structure of this fesis

The following sectionsn the introductory chaptgsrovide an overview of the methottsat have

been developed in this thesis. They are described in deta# irethaining chaptersestion1.5
describes terrain triangulation and generalization methods for enabling elevation data sets for 3D
portrayal as well as the integration of land use areas and street netsemtsn1.6 describes

how to integrate routing capabilities into 3D SDIs and how to create high quality surface models
suitable for immersive routing applicationsgction1.7 describes an experiment in which the
principleslaid out in the othesectionshave been applied in order to implement a system for the
3D portrayal of OpenStreetMap datection1.8 goes into the service interface W3DS in more
detail, which plays a central partvisualization centric SDIssectionl.9 describes the layout and
interaction patterns of a visualization centric S&d¢tion1.10discusses the implications of using
scene graph data structuresSBIs; sectionl.11 describes the visualization component used for
rendering and user interaction

The final sections summarize and discuss findings and resettsoi$1.12 provides an overview
of experiments and implemented systems regarded as result efattkissectionl.13 discusses
methodical results andow the research questions have been addressetipnl.14 summarizes
the specift methodical contributionsectionl.15provides an outlook on potential future work.

Chaptes 2 through7 contain publicationshat appeareth peer reviewed journablnd conference
proceedingsThe publications are listed in chronological order. Secti@above clarifies, which
specific research question is addressed by each publickigame 1 relates the tops addressed
within this thesis to the general SDvkflow and which publications cover these topithe

di ssertation authordés contribution for each

pu
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General SDI Workflow Thesis Publications
Spatial Data Capturing
iaiaiaiainininls Alniniaininininieieieteinieieininininininininininine :
: 3D Reconstruction from VGI | Pub. 4,5
. . |

: Spatial Data Processing 2D Data Integration I Pub. 1,5
|

: Terrain Manipulation 1 Pub. 3
|

|

. v v i

: Spatial Data Publication 3D Portrayal Service 1 Pub. 2,4,5,6
|

|

: VL VL :

I Service Integration LBS Integration, Routing 1 Pub. 2, 3,4
|

|
|

: VL VL 1

1 Portrayal and Interaction Interactive 3D Graphics : Pub. 6

|

S |

v
Applications

Figure1: General wrkflow within SDIs compared with the specific workflow in this the€da the right side,
the publications covering the specific topics are listed.

Publication 1:

Schilling, Arne, Jens Basanow, Alexander Zipf (200@@ctor based Mpping of Polygons on
irregular Terrain Meshes for Web 3In: Filipe, J. et al. (eds.)(2007proceedings of the 3rd
International Conference on Web Information Systems and Technologies (WHBASEJona,
Spain. March 2007, 19305.

Publication 2:

Basanow, Jens, Pascal Neis, Steffen Neubauer, Arne Schilling, Alexander Zipf (2Z@0@&rds
3D Spatial Data Infrastructures (38DI) based on Open Standardexperiences, results and
future issuesin: In: Oosterom P et al. (eds.)(20083)vances in 3D Geoiafmation Systems
Springer, Berlin Heidelberg, 636.

Publication 3:

Schilling, Arne, Sandra Lanig, Pascal Neis, Alexander Zipf (2008&grating Terrain Surface
and Street Network for 3D Routingn: Jiyeong Lee, J. and S. Zlatanova (eds.)(208B)Geo-
Information SciencesSpringer Berlin Heidelberg, 1a226.

Publication 4:

Schilling, Arne, Martin Over, Steffen Neubauer, Pascal N&gorg Walenciak, Alexander Zipf
(2009): Interoperable Location Based Services for 3D cities on the Web using useatgdne



content from OpenStreetMapn: Krek, A. et al. (eds.)(2009)Urban and Regional Data
Management- Proceedings of UDMS 2009, 27th Urban Data Management Symposium
Ljubljana, Slovenia, 784.

Publication 5:

Over, Martin, Arne Schilling, Steffen Neuler, Alexander Zipf (2010): Generating web
based 3D City Models from OpenStreetMap: The current situation in Gerimamykes, J. et al.
(eds.)(2010):Computers, Environment and Urban Systems (CEUS), Volume 34, Issue 6
GeoVisualization and the Digit&ity Special issue of the International Cartographic Association
Commission on GeoVisualizatio#96507.

Publication 6:

Schilling, Arne (2012): Scene Graph Based Approach for Interoperable Virtual Glolves
Underwood, J. et al. (eds.)(201Mternational Journal of 3D Information Modeling (1J3DIM),
Volume 1, Issue, 26-68.

1.5 Terrain Triangulation andManipulation

1.5.1 State of the Art

Digital Elevation Models are an essential part in every 3Dwgmlization system. Usual maps
may provide hints on the eafation by isohypses or hihade layers in the background, not
connected to the remaining content. 3D city models without anpatede data are only valid for
restricted and very flat argaotherwise the vertical reference becomes invalten for lav
altitude coastal areas, a detailed surface model is often required for simulating flooding events.
For visualization purposes, the terrain is shaded based on the aifibmimation and natural

solar rectascensiomand declinationangles.In contrast ta2D maps it is gually not necessary to
restrict thediffuse illuminationangles to northerdirectionsfor avoiding multistable perception
phenomenglmhof 2007) A detailed surface model can hiso used for analytical purposes and
simulations. Complexise cases such as computatiomoise pollution simulation of flooding
events, simulation of wind fields, etc. may include further information on surface properties, but
are often based on the same geometrical and topological data struthisesectionfocuseson
techniques for deriving detailed surface models fmyint data sets that can be used for urban
visualization and routing purposes.

On the geometrical representation level, a surface model is a continuous mesh of triangles.
Regular raster mesk are sometimes used in web applications due to the simple reconstruction
from height field images. In CAD, surfaces are mostly represented by mathematically described
patches ofNon-Uniform Rational BSplines (NURBS). In professional GIS, Triangulated
Irregular Networks (TINs) areommonlyused. In this work TINs have been used exclusively
mainly for three reasons: 1. TINs provide the best possible approximation to the actual surface
using the least number of elements. The number of required triangtesafédets directly
rendering performance in real time 3D applications. 2. TINs allow including linear features such
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as break lines and contour lines. 3. TINs can be extended to include vertical and overhanging
surfaces.

In addition to the geometrical messdtructure, a TIN contains a topological part, which
interconnects nodes, edges, and triangles. The topology is essentigngulation algorithms,

for mesh simplification algorithmsind for surface modifications such as road flattening, which is
descibedin sectionl.6. In the data modethat wasused, the following topological connections
are maintained throughout the lifetime of a TIN object:

1 Each triangle holds references to 3 nodes, sorted in counterclockwise order.

1 Eeach triangle holds references to 3 edges, sorted in counterclockwise order.

1 Each triangle holds references to up to 3 adjacent triangles, sorted in counterclockwise
order.

1 Each edge holds references to up to 2 triangles.

1 Each edge holds references to 2 rsode

1 Each node holds references to connected edgded in counterclockwise order.

Furthermore, a TIN must adhere to local geometrical constraints, which are appliedthdaring
triangulation procesdJsually, the Delaunay algorithm is used, which produ@&nly shaped
triangles and avoidsliver triangles.The Delaunay criterion states that for a set of points in a
plare no point must bmside the circumcircle of any triang{8loan 1987)

1.5.2 Used Data Sets

The technology that is used for capturing elevatidata sets depends on the scale. Local
surveillance offices often comnsisn companies equipped with LIDABystemdor aerial laser
scanning. Regional and global dattsssre captured usimhotogrammetrior radar technologies.
The following elevatiordata sets have beesedin this thesidor various research projects:

- City of Heidelberg: regular grid with 5 meter horizontal resolution, derived from laser scan
data

- SRTM (Shuttle Radar Topography Missiomigital Elevation Model with horizontal
resoldion of 3 arc seconds captured using a radar sensor mounted on the NASA Space Shuttle
Endeavour.

- ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiorfstdrl Digital
Elevation Modelwith horizontal resolution ol arc second. It has beenmputed from high
resolution images using stereoscopic correlation techniques.

1.5.3 Advanced Triangulation of Point Sets

The Delaunay triangulatiois only applied to the 2D spacite height component is completely
ignored. Thus, it does not take the topodsapito account and sometimes produce unsatisfying
results. Other algorithms that have been applied to 3D mesh fairing algorithms define different
criteria that take the local curvature of the surface into account. They tend to produce better
meshes usinthe same number of points.
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Figure2: Mesh corrections afteheinsertion of a single point into a terrain TINeft: situation before. Middle:
After adding the point and connecting to adjacent ndgiggt: after corrections based on a quality measure that
tries to minimize the local surface curvatures.

The triangulation criterion is applied aftére point insertion operations into the TIRigure 2).

In this thesis, the Delmay criterion for triangulating TINs has been replagath a more
advanced quality measure, which is based on a mesh fairing algorithm developed by Dyn et al.
(2001). Itcan be very well applied to terrain triangulations. Since it takes the local menadtu

the triangle mesh into account, it is more suitable for reconstructing 3D meshes from point clouds.
The local curvature is measured at each node and described by the absolute mean g0piture
this node. It can be described by an energy functicgOfis used as a cost value during the
triangulation process, which tries to minimize the sum of the cost values over all nodes of the
TIN.

The absolute mean curvatlg&sat a node is defink as the sum of the angles between all
neighboring facets, normalized by the length of each edge around the node. It is assumed that the
curvatures are uniformly distributed around the node. The andletween triangles that are
connected by an ed@eis actually the angle between their surface normgalsvhich are usually
pointing upwards. Dyn et al. (2001) define three different energy functions F1, F2, and F3, from
which F2 is the simplest and can be used for large point sets. ekl as follows:

Q@ £ N[O
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The algorithm tries to minimize the local F2 value around each node by rearranging adjacent
edges (sekigure2 on the righ}.

1.5.4 Applicationof Edge Contraction pproachfor generating lower LODs

For visualization purposethe mesh density or number pbintsof the TIN must beeduced in
order to maintain a constant frame rate. In real tipmieations it is common to switch between
several discrete LODs depending to the distance between the viewer and theTbkjetncept
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of LODs can be applied to terrain visualization if the surface is divided into rectarsgaks
(tiles). Mesh simplitation algorithms usenainly two qualitymeasureshat control the accuracy

of a simplified mesh: a) thegercentage of remaining triangles relative to the original mesh and b)
the allowed tolerance value measured by the Hausdorff distance betwederiled and the
original mesh or a quadratic error metrio. this thesis,the edge cotraction approachas
described in Garland and Heckbert (198@% been implementethd applied to TINs in order to
generate lower LODS healgorithmis often used for redireg highly detailed 3Dneshesand has
been used in many subsequent publicatiortbe field of Computer Graphicslowever, it is not
available in standards GIS toolsidbased on a quadric error metric

Figure 3: local operation of the mesh simplification algorithm using edge adiraNodes A and C (left) are
merged into node B (right), eliminatingreeedges.

Theatomicoperation for decimating the mesh is to contract an edge into a singleTg@modes
are moved to a new position, which can be either one of the original node positioms EAgQre

3), or anywhere along the edge (Be best position, resulting in a new triangulation which
deviates the least fromhe original surface, can be computed using an error métretriangles
on either side become degenerated and are rem8ukdequently, the topology is adjusted by
connecting all triangles around the new ndidas is called a pair contraction.

The me# is simplified by iteratively applying pair contractions, until the simplification goals are
satisfied and the final approximation is produced. After each iteration, a valid mesh is produced.
In order todetect validpair contractions and to spBcthe ader, at which these contractions must

be applied, each vertex is associated with a quadratic 4x4 error matrix. This matrix can be used in
order to computeostvalues for any position around a vertex indicating how much this position
would deviate from tl original surfacelnitially, the least cost value for a pair contraction on
each edge in the mesh is computed and stored in a list. This list is then sorted from low to high
cost values. A simplification run then iterates through the list, first decim#tie edges with low
values until the error threshold is reached. The error metric will generate smaller cost values for
flat areas in the terrain, which therefore will be decimated first. A detailed explanatiowdhe

error quadrics are computed amdintained throughout the simplificatipmocessan be found in
Garland Heckbertl@97).

Figure4 shows an example of a triangulated terrain model showing a spatial partitioning schema
that can be used for wedtreaming through 8D Portrayal Servicdt has been generated from
SRTM data.
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Figure 4: Resulting multi LOD terrain surface asreframe renderingRectangular érrain patches (tiles) of
various sizes arranged in a quadtree pattern, formingtanaous surface (from Schilling and Kolbe 2010).

1.5.5 Integration of2D Vector [ata intoTerrain Models

The previously described mesh operations provide the foundation for a more adiemaied
manipulation methgdwhich has been developed in this theBigpending on the usage scenario,
various types of map information must be displayed in combination with the elevatioif data.
aerial imagery is used, this map information is available as vector data sets, typically including
vegetation, land use areasad networks, and other surface featufesommonly used approach

is to render all 2D GIS data into an image and to use this image as texture on the terrain geometry.
However, this approach is quite problematic for very detailed visualizations of 3Encdgls
requiring a higher degree of immersiollap textures always produce visible rasterization
artifacts if their resolution is not adjusted to the current perspective of the vi®ilesr
approaches tryo overcome this limitatiorby using hardware acegated on demand texture
rendering (Kerstingand Déliner 2002) which is however difficult to implement in web
environmentsTherefore a novel approach of fully vectorized 3D maps implemented for this

work (see chapte®), in which 2D GIS data is geometrically integrated into the terrain model
using a constrained triangulatidoand use and other areas become part of the surface TIN and
can be semanticallgnriched The benefit of this approach is that any visible edges ssc
sidewalks, borders of green areas or pathways etc. resnaip at any angle without the need of
constantly rendering texture imagédso, due to the possibility tink each integrated area with
attribute and meta information of the source dataseshantic or rule basestyling, controlled by

the user, becomes possildfegure5 showsan example of an integrat@diN.
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Figure5: Wireframe rendering of a TIN with integrated streets and land uss. Braa: Heidelberg.

The integration procedure iterates over all geometries of the 2D data set, layer bytlayer.
comprises 3 steps:

1. First, all vertices of the polygon are added as nodsisg the point insertion operation
described aboveThe height vales of the vertices are interpolatétbm the underlying

triangles or edges. Adjacent polygons often share the same vertices along the border. In

this case, they are not added twice. The new nodes are markazhstsained Nodes
indicating that they are art of the TIN as well as the 2D data set.

2. The second step is to connect tbenstrained Nodealong the polygon bordert. they
are not already connected by edgestraight line is drawn between them, which is used
for detecting crossing edges. In a gigsh, it would be sufficient to remove all triangles
that lie along this line, connect the 2 point by a single edge atdangulate the

remaining voids. In the case of terrain models, the exact surface shape must be preserved

throughout all operationg.herefore, additional nodes are inserted at the locatidrere
the straight line between 2 polygon vertices crosses already existing édlgedges
along the connecting line are markedGamstrained Edgesn order to avoid them being
destroyed by sudequent operations. In this contextCanstrained Edges fixed by its

shape. Subsequent mesh operations may change its topology, e.g. splitting it into multiple

parts, but the linear shape must be presemvesgrtingConstrained Edges applied for
all outer and inner rings of the polygo#t the end of this step, the shape of the polygon
has becomeart of the TIN.

3. For making the integrated areas visible in the final application, color, material or texture

must be appliedin the last step, all triangé located inside the integrated polygon are

identified by a simple point in polygon search operation using the triangle center points.
Instead of directly attaching parameters relevant for the final rendering, a link is

established to the spatial entitf/tbe original data set, which may contain attribute data
and other meta data. Attribute data amidrmation on theaffiliated source may then be
used for rule based styling, e.g. using the OGC Styled Layer Descriptor (SLD).

The integration procedure cdre performed multiple times for each data set that needs to be

visualized on the terrain. The order at which the data setsntggrated determines what
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information will be visible, becaugareviously integrated layers will be overwritten, very similar
to the process of drawing a 2D map.

1.6 Routing in 3D urban and indoonEronments

A typical end user application for map based systems is navigation and routing, potentially on a
mobile device with GPS positioning. Adding elevation information, and 3D moddsildings,

bridges, tunnels and othenanmadestructures tremendouslincreases the complexity of
preparing route instructions and presentations the user can intuitively understand. Complex 3D
worlds that can be used for navigation are often creatddhbg loosely based on surveillance or

map data. Another potential use case3orrouting andimmersivenavigation isVirtual Reality

first person vehicle simulation. In this case the map like viewpoint from above is completely
replaced by a first persomew on ground level, requiring a far more accurate representation of the
surroundings including surface structures such as markings and sideways, vegetation and facade
details.In order to reduce the necessity to manually prepare 3D landscape modelsérsive
navigation purposes and to be able to reuse various kinds of data sources including cadastral,
commercial and even VGI data sets, a couplautbmaticprocessesnust be implemented.
Semantic information such as road typedth and level (e.g. uretground level) can be used in

order to improven initial 3D landscape model

Another aspect is the route calculation itself, i.e. the computation of the shortest or fastest
connection between two pointsevitably, the steepness of road sections, whih be derived

from the underlying terrain, will affect the travelling speed both for cars and bicitdesg a

3D model also demands for a more realistic presentation of passages through tunnels and over
bridges.

Although many ruleébased reconstructioand modification method®r improving 3D models
from very little information are conceivable this section concentrates on the geometrical
correction of terrain modglwith integrated road network using a s#veloped algorithm.

1.6.1 EnhancingTerrainModds for 3D Routing

Digital elevation data is mostly generated from LIDAR scans, radar scans, or oblique imagery and
stored as raster data sd@seak lines representindgnarp edgesit quay walls, embankments, sheer
rock walls and roadsides are seldom avwd@aTherefore, terrain data sets tend to represent the
road surface very poorlylo overcome this shortcoming,campletely newmethod as described

in chapter4 was developed which tries to flatten areas thiaave been builtor car traffic. The
method relies on an integrated terrain model as described in the presaiias with road edges

that have been integrated into the triangulation of the tedraitase of a municipal data set from

the city of Heidelberg, road sidews were available as vector features, which allows for a very
accurate road representation. However, also pure network data sets with roads represented as
lines, which is typical for commercial providers and in OpenStreetMap, have also been tested. In
this case, the road widthias estimated according to the type and number of lafvesmportant
requirement for the flattening process is ttegt underlying terrain must not be totafigglected:;
allowing roads to wind up serpentines and that different tgaels allow different slope angles.

This requirement is met by maintaining a connection to the terrain TIN and by applying different
stiffness parameters based on the tyife2 method is based on concepts borrowed from the Finite



16  Introductory Chapter

Element Method (FEM) useid Computer Aided Engineering (CAE), for example for numerical
simulations. In FEM, 3D models of mechanical parts, that abe toanufactured, ardiscretized

into a mesh model consisting of interconnected small primitives (the Finite Elements). Solid
bodes are often divides into small tetrahedrons, whereas metal sheets may be represented by
triangles with an assumed thicknedn. the geospatial domain, FEM has been used for
hydrogeological simulations. Integrating GIS with numerical simulations hasdisarssed e.g.

by Jones (2000pnd Ashraf et al. (2012)Since a triangulated terrain model is already a
discretized mesh model, it can be easily extended by adding physical properties and states to each
mesh elementhereby making it fit for numericabmputations

The actual physical model can be thought of a set of interconneletstit springs within road
areas.Also spring edges are inserted between road borders and the remaining TIN. The outer
vertices of these border edgesnain fixed anderve adoundary conditionOther areas can be
neglected and will not be affectedihe stiffness of a spring is a constant that determines the
deformation under a specific loabhe stiffer a network of springs, the more reluctant it will be to
leave its originalposition under a load. In order to level out the road network, artificial load is
introduced at edges that are not horizodiaiing the set up phasEor instance, a bump on an
otherwise flat parking lot will induce spring tension along its connectiggsdesulting in a
downward force and eventually in a lower position at the local equilibriuma.same principle
applies to steep road segments, but since the borders are connegtéided set of points, the
equilibrium is still an inclined surface, pilly protruding or immersing depending on the chosen
stiffness parameters.

The whole set of Finite Elements and inherent spring tensions represents a sysigebrafca
equations which must be solved in order to find tigdobal static equilibrium.Due to the
complexity of this system, solving it is done in an incremental fashion by computing local
equilibria at each node and running multiple passes. A singlefipdssthe local equilibrium at

each mesh node at which all spring forces caoseeacho her by adjusting the
position. Local in this context means that only those elements are taken into account that are
directly connected to the addressed nade the surrounding arebocal vertical corrections are
computed by summing ufhe vertical forces induced by the connectgaring elements and
finding the solution of the aggregated function at whioé vertical force will be zero. Sintbe
resulting functioris nonlinear, the solution is foundsing the NewtorRaphson methodJultiple

passes are needbdcause larger local corrections tend to travel along road segments, for example
along roads that are cut into steep hillsiddss is repeated until a defined threshold is reached.
Figure6 shows an exapie of flattened road surface along a hillsibetails of the approach are
explained inchapter4.
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Figure6: Example of integrated road with flattened surface. The foreground has been clipped aveeyr it
create a cross section effelbata: Heddberg.

Experimental results using an SRTM terrain model integrated with road data from OpenStreetMap
show an increase in geometric fidelity compared to a model with a map texture generated by the
default OpenStreetMap renderefhis methodis not only useful for improving road surfaces.
Also, confined water areas such as ponds, lakes and rivers could be improved by flattening the
water surface. However, this method is more suitable to be applied to abdattsets due to the

better ratio betweerelief and road details. Significant improvements could be achieved when
applied to the polygonal road data set of the Heidelberg 3D niiéideire7).

Figure 7: Integrated terrain model generated from data provided by the land surveilling office of Heidelberg.
Left: integrated green areas, streets, cycleways and paths. Middle: effect of flattening the road surface on a
hillside. Right: generalized terrainedsfor rendering at smaller scales.

1.6.2 Automatic Generation of 3D Networks

Vehicle and pedestrian navigation systems are based on the calculation of shortest or fastest routes
between two points on a road netwokaving adetailed terrain model and informari on the

relative position of road segments (underground or above ground laelssmproves the route
calculation.In an experimental setup, an existing routing implementation developed bgtNeis

(2007 was used andonfigured with a 3D road netwa In this implementation, a Dijkstra

























































































































































































































































































































































































































































