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Abstract

A three-dimensional (3D) representation of the topographic surface is an
important element in planning, civil engineering and mapping. Many state-of-
the-art representations of topographic surface provided graphical, 3D model
of entire planet. However, the existing solutions to 3D representation of
topographic surface lack the geometric flexibility and accuracy on boundaries
with models of other geographic features.

Most of contemporary approaches to digital Earth solutions focus on the
visualization performance. The high visual performance is achieved by the use
of special data structures optimized for rendering. However, this optimization
towards visualization hampers the data management of spatial data, their
analysis and distribution.

Therefore, the introduced solution reflects on multiple requirements of
digital Earth systems. In addition to the visualization performance, the
properties regarding data interoperability, data management and distribution,
data analysis and the multiple level of detail (LOD) are considered as essential
for the design of the new solution.

The topographic surface is central to the proposed method. This work
introduces a new, more functional data representation of multi-resolution
topographic surface.

This representation is globally applicable and allows to populate the
terrain surface with new geographic features that support multiple LODs.

The presented solution to representation of spatial features for multiple
LOD environment is rooted in the concept of footprint. Exploitation of this
concept alleviates from the structural complexity of pure 3D solutions, but it
also supports the extension to true 3D, when needed.

As a prerequisite, the method for footprint analysis is developed to deal
with features originating from disparate data sources and pursue the
interoperability requirements.

Thereafter, the simultaneous simplification algorithm is proposed. It is
designed to build the multiple LOD database of features in such a manner, that
the topological relations between features are preserved in the multiple LOD
environment, which is reconstructed on its grounds.

Since the topological relation between the feature and terrain is essential
for many geo-spatial analyses, this thesis proposes two methods to carry out
the generalization of distinct spatial features with respect to the geometry of
terrain. It is also shown, how the important morphological structure of the
terrain can be obtained and subsequently preserved on coarser levels of
resolution. The methodological framework introduced in the thesis employs
the Global Indexing Grid (GIG) as an indexing and paging mechanism.



Abstrakt

Datové reprezentace topografického povrchu ve tifidimenziondlnim (3D)
prostoru jsou dilezitym nastrojem v planovani, stavebnim inzZenyrstvi ¢i
mapovani. Mnozstvi nejnovéjsich reprezentaci povrchu poskytlo graficky 3D
model celé planety. Existujici 3D reSeni nicméné postradaji flexibilitu a
presnost na hranicich s modely jinych geografickych objekt.

Proto predklddané reSeni zohlediiuje Cetné pozadavky takovychto geo-
informacnich systémi s globalnim prostorovym pokrytim. Kromé nutnosti
vysokého vykonu vizualizace dat jsou zohlednény pozadavky na
interoperabilitu dat, fizeni spravy dat a jejich distribuce, analyzu dat a
podporu vice trovni rozliseni.

Topograficky povrch ma v navrhované metodé klicovou, sjednocujici roli.
Dizerta¢ni prace predstavuje novou datovou reprezentaci topografického
povrchu s podporou viceiroviiového rozliSenf. Tato reprezentace je
aplikovatelna globalné okolo sféry, umoZnuje integrovat model terénu a
prostorové objekty k nému vztazené a podporuje viceurovnové rozliSeni jak
terénu, tak i téchto objektd.

Reseni vicetiroviiové reprezentace objektli vychazi z konceptu "otisku"
geometrie modelu objektu na model terénu, tedy geometrie obrysu jejich
prostorového priniku. Vyuziti tohoto pristupu umoZnuje vyhnout se
strukturdlni slozitosti ryzich 3D feSeni, avSak souc¢asné umoZiiuje integraci s
modely vytvoirenymi plné ve 3D (objemovymi modely) tehdy, kdy se takovému
reSeni nelze vyhnout. Tato prace rozsiruje existujici pristupy, vyuzivajici tento
koncept, poskytnutim podpory pro viceméritkovou reprezentaci otisku.
Soucasti reseni je i metoda validace geometrie a vybranych atributi geoprvki.

Prace dale navrhuje algoritmus pro zjednoduSovani geometrie vstupni
mnoziny obryst. Algoritmus vytvari databazi geometrii pro rdzné trovné
detailu. Charakter vysledné databaze je takovy, Ze grafickd scéna
rekonstruovana na zakladé této databaze zachovava topologické vztahy mezi
objekty. To je zajisténo na vsech drovnich rozliSeni, které jsou v takové scéné
znazornény, a to pro libovolnou pozici pozorovatele, pro kterou je databaze
dotazovana, a viici které je scéna vykreslena.

Tato prace navrhuje dvé metody, které umoziuji zohlednit pfi procesu
generalizace objektl charakter okolniho terénu. Nadto je popsan postup
extrakce dilezitych prvkil terénu, které popisuji jeho morfologii. Na prikladu
takto ziskané strukturni sité je ukazan postup, umoznujici zachovani
dtlezitych prvkia terénu na nizsich drovnich detailu, tedy v ¢astech scény se
zjednodusSenou geometrii.

Dizertatni prace pro ucely indexovani prostoru a tvorby prostorové
databaze adaptuje mechanismus pro globalni indexovani (GIG).
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Introduction

Advances in data acquisition techniques have made huge geometric datasets
ubiquitous in terrain modeling (Light Detection And Ranging (LiDAR),
synthetic aperture radar), computer-aided engineering (laser short-range
scanning) or vector topographic data (OpenStreetMap project). These datasets
provide nearly a global coverage for applications within the field of geographic
information science (GISc). There is an enormous number of spatial data
sources, which differ in dimensionality, spatial coverage, resolution, accuracy
and many other factors, including the data format, they stored in.

The topographic surface is central to this study. In the 3D space, it
possesses a unique role. It provides the global defining surface in terms of
which other features can be geographically referenced (georeferenced).

Many state-of-the-art representations of topographic surface provided
graphical, 3D model of entire planet. However, the existing solutions to 3D
representation of topographic surface lack the geometric flexibility and
accuracy on boundaries with models of other geographic features.

Most of contemporary approaches to digital Earth solutions focus on the
visualization performance. The high visual performance is achieved by the use
of special data structures optimized for rendering. However, this optimization
towards visualization hampers the data management of spatial data, their
analysis and distribution.

The existing solutions lack geometric flexibility on boundaries with models

of any other geographic features, which are connected to the terrain’s surface.
The precise representation of such boundaries on the surface is critical for
many analytical applications and engineering domains.
Even regarding storage, maintenance and distribution, existing approaches to
global solutions imitate the concept of scale series of traditional maps (e. g.
1:10 000, 1:25 000, 1:50 000, etc.) to achieve multiple levels of detail (LOD) of
spatial objects. For each level, distinct representation is needed, stored and
maintained.

In the traditional 2D domain, especially for purposes of national mapping
agencies, solutions to this inconsistency appeared in a form of multi-
representation databases or variable-scale geoinformation kept in structures
like tGAP. It is however achieved at the cost of employment complex data
structures. Problem with these structures is that they are difficult to be
maintained.

Furthermore, the topological relations between geometrical objects, they
store, were proven as an important restriction for multi-resolution
visualization.

The storage of topological information further increases the vast data
volumes to be handled within the digital Earth system, which easily exceed the
usual capacity of data memory available at one site. Together with the fact,
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that spatial information are more and more used in a network centric
environment, the need for distributed solution and techniques, that support it,
is apparent. And, the topology is particularly difficult to deal with in a
distributed manner.

The data management issues also manifest themselves in the need for an
indexing mechanism that addresses the topographic surface in all directions in
a uniform matter. Therefore, the traditional flat approximation of Earth's
shape should be avoided to eliminate geometric distortions and singular
points.

Aims of the study

Currently, there is an open research question on how to address data
management of various kinds of spatial features along with the underlying
terrain for the sake of visualization and analysis. Therefore, the overall aim is
to provide such theoretical framework for features on multiple LODs, that
would enhance a multi-resolution representation bare Earth.

Considering the drawbacks of current solutions and the observation on the
key role of the topographic surface, the main question to be answered in this
thesis is:

How can we realize the global feature-based topographic surface with
support for the position-dependent level-of-detail?

There are several partial questions, whose resolution leads to the overall
aim.

To build a theoretical background of the proposed method, the first and
second questions need to be answered:

1. What indexing and paging data structure should be adopted, so as to
simultaneously support the multiple LOD and fulfil the preference for non-
projected solution?

2. How can be formally described what multiple LOD environment is?

In order to introduce such a methodological framework, which would grant
maximum flexibility, functional extensibility and general applicability, we
bring into question:

3. How to design a conceptual data model that describes the feature-based
topography in the multiple LOD environment?

To simplify the preconditions and to facilitate addition of independent
features, the validation of data input comes into question:

4. How can be the valid input data created by as much automatic manner as
possible?

horského hibetu silnici, prestoZe origindlni pribéh hirbet obchazi), coz by v
dutsledku zputsobilo i nezadouci vizualni artefakty v grafické scéné. Metoda pro
extrakci hirbetnic poskytuje horsi odhad pribéhu v okamziku, kdy udoli ¢i
hibet maji obly charakter, piestoZe se mize jednat o vyrazny terénni utvar, ve
srovnani se situaci s ostrym zakoncenim.

Experiment vyuZiti hibetnic téZ ukazal na schopnost systému zlepsit
aproximaci terénu na nizSich urovnich detailu prididnim vrstvy hibetnic.
Analyza viditelnosti byla provedena nad dvéma viceméritkovymi
topografickymi povrchy pro srovnani scénart "bez", resp. "s" pridanymi
hibetnicemi. Experiment potvrdil mozZnost zvyseni kvality aproximace za béhu
programu, ale i vhodnost navrzené reprezentace pro prostorovou analyzu.

Zavéry

Dizertacni  prace predstavila procedurdlni datovou reprezentaci
topografického povrchu s vyuzitim geoprvky, ktera je globalné aplikovatelna a
podporuje pozi¢né zavisly LOD.

PredloZené teSeni vyhovuje specifickym poZadavkim geoinformacnich
systémi s globalnim pokrytim. Kromé pozadavku na rychlost vizualizace se
prace zaméfila na interoperabilitu dat, vhodnost datové reprezentace pro
prostorovou analyzu, spravu a distribuci dat i podporu vice urovnim
geometrického detailu.

Dizertacni prace:

« formalizovala koncept geometrie obrysu geoprvku ve viceméritkovém
prostredi

e ukazala, jak lze ziskat validni vstupni data pro generalizaci geometrie
obrysi geoprvki

¢ navrhla topologicky korektni metodu zjednoduSovani geometrie mnoziny
obryst geoprvki pro viceméritkovém prostiedi

¢ definovala primarni geometrickou strukturu otisku pro jeho reprezentaci
na riznych urovnich detailu a ukazala, Ze spolu s proceduralni
charakterem rekonstrukce topografického povrchu je moZzné se vyhnout
redundanci v uloZeni dat

e predstavila dvé metody pro fizeni pribéhu generalizace geoprvkd s
ohledem na tvar okolniho terénu

e a ukazala, jak zachovat vyznamné morfologické prvky terénu v ¢astech

svvs
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vy

rozsifena o schopnost zjednoduseni geometrie pro prostredi s vice irovnémi
detailu.
Funk¢nost konceptu viceméritkového topografického povrchu s geoprvky
byla ovéiena vytvorenim viceméritkové databaze, a to v nékolika variantach.
Nasledujici scénare byly otestovany:
¢ rlzné vstupni vrstvy (silnice, budovy, hibetnice, teréni data) a v riiznych
kombinacich byly pouZity pro vytvoieni databaze

e databaze byly vytvareny snékolika variantami praht, které definuji
maximalni miru zjednoduseni geometrie

¢ funkce pro prirazovani vah jednotlivym bod{im, podle nichZ se proces
zjednodusovani idi, byly pro vybrané vrstvy upraveny tak, aby zohlednily
jejich roli v systému a sémanticky vyznam

¢ byly vytvoreny databaze se systémem dvou, resp. tfi LOD.

Vystup z experimentalni implementace nad CGAL ma podobu textovych
soubor, které nejsou vhodné pro trvalé uloZeni v distribuovaném prostiedi. Z
tohoto diivodu byla data importovana do databazové platformy PostgreSQL.

Proceduralni reprezentace topografického povrchu. Primarni
geometricka struktura, ktera nese geometrii obrysu geoprvku vzdy pro dany
LOD, byla navrzena s ohledem na zptsob rekonstrukce povrchu (proceduralné
za pomoci Delaunay triangulace). Diky tomu bylo moZné se zcela vyhnout
redundanci ukladanych dat. UloZena je pouze ptivodni geometrie, neni nutné
jeji opakované ukladani na vice LOD (nebo jejich ¢asti), neni potieba ukladat
ani pomocné struktury pro uloZeni informaci o topologii ¢i geometrickych
vztazich geoprvku mezi riznymi LOD.

Pro vyhodnoceni tohoto pristupu byla implementovana Java aplikace pro
kontrolu béhu programu, ktera v sobé obsahuje i metodu rekonstrukce
geometrie geoprvkid. Prevzata byla jeji 3D grafickou komponenta. Aplikace
podporuje paralelizované zpracovani dat.

Bylo provedeno testovdni vykonnosti jednotlivych ¢asti aplikace, které
odpovidaji navrzenym algoritmtm.

Rekonstrukce povrchu za béhu programu na zakladé dat z vicemétitkové
databaze ukazala funk¢nost konceptu, prestoZze provedena implementace neni
produkénim Fesenim, ale pouze experimentilnim, a prestoZe implementace
nebyla optimalizovana na vykon.

Analyza morfologie terénu a jeji aplikace. Prace navrhla metodu extrakce
dtlezitych prvki morfologie terénu. Postup je zaloZen na analyze LiDARovych
dat s vyuzitim prvotni aproximace hledané zlomové hrany. Metoda rozsitila
existujici FeSeni z pohledu nezavislosti procedury na presnosti prvotni
aproximace. Implementace vyuziva knihovnu ArcPy a jeji hlavni cast byla
provedena v ramci diplomové prace, kterou autor vedl. Metoda poskytuje
ptijatelné vysledky pro ucel, ktery v této praci ma. Tedy zabranit nevhodnym
generalizacim geoprvkd, které by vazné zasahly do struktury terénu (protnuti
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Afterwards, a method for features' geometry decimation becomes an issue for
further consideration:

5. How can be the database of features created so that the topological
relations between features will be preserved in the multiple LOD environment
reconstructed on its grounds?

Having the database of features and underlying bare Earth model:

6. How can be the topographic surface with features synthesized for given
observer position?

The fifth question, that covers the topological relations between features, can
be extended to cover relations between the geometry of terrain and the
geometry of features:

7. How to guide the simplification of features with regard to terrain?

With respect to the data representation of bare Earth to be adopted in this
work, for a plenty of GIS applications, the ability to decrease the rate of
simplification or even maintain the full resolution of distinct terrain structure,
is important:

8. How to preserve selected morphological characteristics of terrain on
coarser levels of detail?

The thesis addresses the research questions within several thematic units.

In the third chapter, the arguments for three fundamental choices for the
character of the solution are built, namely the preference for minimal data
redundancy, the preference for procedural solution and the preference for
non-projected solution.

Based on the preferences, the indexing mechanism with support for LOD
and the bare Earth representation, which are adopted by the method of this
work, are formalized.

The fourth chapter introduces the concept of footprint and its multi-
resolution representation, in order to provide means for population of
topographic surface with any geographic features that can influence its shape.
Method, for analysis of footprints to ensure initial data validation and
adjustment, is proposed. The simultaneous simplification algorithm is
presented as well as the method for the reconstruction of the topographic
surface. The surface reconstructed at run-time contains topologically
consistent approximations of features for arbitrary position of an observer,
with the intensity of geometry simplification growing with the distance from
the observer. The proposed solution does not introduce any data redundancy.

The fifth chapter explores the relation between geometry of spatial objects
and the geometry of bare Earth in the multiple LOD environment. The solution
from previous chapter is extended in two ways. The enhancement of the
simplification algorithm, which allows to restrain the simplification of features
with respect to the geometry of terrain, is introduced. Furthermore, the
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method, which allows for preservation of terrain morphological structure on
coarser LODs is described. The consequences of the procedural approach on
visualization and spatial analysis are discussed.

Methods

The section on methods will be described in thematic units that correspond to
the text in the thesis.

The concept of multi-resolution footprint. The footprint is defined here as
the outline of the geometry resulting from the intersection between the
Delaunay triangulation of topographic surface and the 3D geometry of the
feature. To address the multi-resolution properties of footprints, the formal
definition of footprint takes into account the importance of different parts of
footprints. Every point of the constituting geometry is assigned a weight.
Consequently, the primary geometric structure for footprint's representation
is defined as a record, which holds the footprints' geometry relevant only to
required level of detail (LOD).

The exploitation of the concept of footprint allowed to populate the bare

Earth model with any geographic feature, which can influence its shape.
Conceptually, footprint alleviates from the structural complexity of pure 3D
solutions, but it also supports the extension to true 3D, when needed. It can be
achieved via integration of the 2.5D terrain with independently modeled 3D
objects, where the footprint has a role of the geometric interface.
Footprint analysis. An automated method for processing and analysis of
input footprints, their validation and adjustment was proposed. The need for
such a method is driven by the relative independence of features, allowed by
the solution, due to which geometrical and topological inconsistencies may
occur.

From geometrical point of view, the proposed method for footprint analysis
handles the degenerations such as edge overlapping, self-intersections or
duplicated points, and automatically fixes them. The attribute part, namely the
weights of points, are adjusted as well. This adjustment takes into
consideration the neighbouring spatial objects and the weights of their
geometries.

Weights' adjustment with respect to other features is a necessary step, in
order to preserve the mutual topology between the footprints in the multiple
LOD environment. The adjustment of weights is driven by the system of rules
defined in the work. The analysis of weights is done prior to simplification of
any points for a coarser LOD according to the rules.

Creation of multiple LOD database. In order to assign the subsets of the
original constituent geometry of footprints to a distinct LOD, the simultaneous
simplification algorithm was designed.

topografického povrchu za béhu programu zlepsilo aproximaci terénu v
¢astech scény s niz§im LOD.

Vysledky & diskuze

Geoinformacni systémy s globalnim pokrytim jsou pomérné novou technologii.
Pristupy z frady vyzkumnych smeéri se prolinaji v navrhu resSeni takovéto
platformy, ktera ma predstavovat univerzalni nastroj pro sdileni riiznych typt
prostorovych dat rtizného pivodu.

Analyza obrysu geoprvku. Béhem navrhu datové reprezentace
topografického povrchu s geoprvky se ukdazalo, Ze stdvajici metody
generalizace vektorovych dat pracuji s pomérné striktnimi pfedpoklady na
charakter vstupu. Pro zjednoduseni téchto predpokladi a umoznéni pridavani
nezavisle vytvarenych modeld prostorovych objekti, byla navrzena a
implementovana metoda jejich analyzy.

Pfi implementaci byla vyuZita robustni knihovna CGAL, ktera je zndma
vysokou efektivitou implementovanych algoritmi. Tyto vlastnosti jsou vhodné
pro velké datové sady, se kterymi pracuje predklddané feSeni. Pro
experimentalni vyhodnoceni byla zvolena datovd sada OpenStreetMap,
zejména pro jeji témér globalni rozsah. Oblast testovani béhem experimentu
odpovidala ptiblizné severovychodni ¢asti Cech. V této oblasti byly provedeny
i dalsi experimenty.

Analyza odhalila existenci topologickych rozport se specifikaci OSM.
Ackoliv problém validace je teoreticky pomérné jendoduchy a automaticka

K teSeni neuzavienych polygont byl zvolen pristup, ktery vyuziva

triangulaci implementovanou v CGAL, kterd zajiStovala i topologickou
spravnost v algoritmu simplifikace geometrie geoprvki. Dalsi vyhodou toho
ptistupu je automatické reSeni situaci, jako jsou polygony s dirou a geometrie
s nespojenymi ¢astmi, v ramci triangulaci, tudiZ nejsou potfeba Zadné
pomocné struktury ¢i mechanismy.
Viceméritkova databaze. Za ucelem zatazeni geometrie na dany LOD byla
navrzena a implementovana metoda simplifikace, ktera soucasné zpracovava
celou vstupni mnozinu geometrii a zachovava topologické vztahy.
Prezentovany algoritmus je ve spolupraci se zminénou analyzou vstupu
aplikovatelny na libovolnou mnozinu obrysi. Hlavni roz$iteni oproti
existujicim pristuplim spociva ve schopnosti topologicky korektni generalizace
pro viceméritkové prostiedi. V disledku tedy umozZnuje vytvorit geometrii
obrysli s proménou urovni detailu podél jejich prabéhu.

Implementace metody vyuzila stavajici reSeni CGAL ve smyslu detekce
topologickych konfliktli zplisobenych jednotlivymi kroky zjednoduSovani
geometrie, resp. jejich zabranéni. Implementace v knihovné CGAL byla
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v vz

Vytvoieni viceméritkové databaze geoprvkia. Pro ucely ptifazeni
jednotlivych bodl utvarejicich geometrii obrysu do riznych LOD byl navrzen
algoritmus, ktery soucasné zjednodusuje celou vstupni mnozinu geometrii a
zachovava topologické vztahy.

Nebot Delaunay triangulace je zakladem fteSeni pro rekonstrukci
topografického povrchu za béhu programu, je vyuzita i pro testovani vztaht v
sousedstvi objekti tak, aby bylo vylouceno vytvoreni topologickych chyb.

Klicové pro zachovani téchto vztahii v definovaném viceméritkovém
prostfedi (tedy takovém prostredi, kde se geometricky detail sniZuje s
rostouci vzdalenosti od pozorovatele v souladu s pouZitou indexovaci
strukturou) je rozliSeni dvou druht bodt, které mohou blokovat dany krok
simplifikace. Prvnim typem jsou ty body, které lezi ve stejné buiice pouzitého
indexu. Druhym pak ty, které se nachazeji v sousednich burikach.
Mechanismus indexovani je proto zdsadni pro formalizaci metody
generalizace.

Dizertatni prace pro ucely indexovani prostoru a tvorby prostorové
databaze adaptuje mechanismus pro globdlni indexovani (GIG). Koncept
burniky GIG je klicovy, nebot’ na jeho zakladeé je definovano prostiedi s vice LOD.
GIG bunka predstavuje Voronoi diagram na sfére. S témito builkami na
riznych LOD je asociovana geometrie geoprvkid odpovidajici LOD buriky.

Na zakladé této metody indexace je moZné pro libovolnou pozici
pozorovatele ve 3D virtudlni scéné definovat droven rozliSeni aktualné
viditelnych objektli a terénu. Dizertacni prace definuje vlastni metodu
rekonstrukce geometrie obrysti geoprvkl za béhu programu. Rekonstrukce
vzdy pracuje pouze stou geometrii, ktera byla ziskana z viceméritkové
databaze na zdkladé GIG dotazu na danou pozici pozorovatele. Vysledny
topograficky povrch s geoprvky je rekonstruovdn pomoci Delaunay
triangulace s omezujicimi podminkami (rekonstruovanymi obrysy).

V této casti prace jsou téz detailné diskutovany vlastnosti rekonstrukce
povrchu zejména na hranicich mezi irovnémi LOD.

Generalizace geoprvkii s ohledem na terén. Druhd metodologickad cast
prace Fesi vztah geometrii geoprvkid a terénu pii pribéhu generalizace
geoprvkd. Za timto ucelem byly navrZzeny dva postupy.

Prvni je predstavovadn navrhem jednoduchych a vypocetné efektivnich
kritérii pro  vyhodnoceni  dileZitosti  topologické zmény mezi
zjednoduSovanymi geoprvky a geometrii terénu. Vyuziva ptitom lokalniho
charakteru trojuhelnikové sité, kterou aplikovala i metoda simplifikace pro
detekci potencialnich topologickych konflikti mezi geoprvky.

Druhd prezentovand metoda umoZnuje omezit generalizaci s ohledem
pouze na vybrané morfologické prvky terénu. Byl téZ predstaven postup
extrakce takovych prvkl. Zahrnuti téchto prvkd do rekonstruovaného
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This "en mass" solution modifies the complete set of poly-lines
simultaneously, while respecting and preserving their topological
relationships.

Since Delaunay triangulation is the basic concept of reconstruction of the
proposed topographic surface, it is employed for testing of relationships
between poly-lines, so as to avoid introduction of topological errors caused by
a point removal.

The key to the topological preservation in the multiple LOD environment (
for the footprint geometry it can be understood as a “mixed-scale”
representation, whose detail decreases with increasing distance from the
observer accordingly to the applied indexing structure) is rooted in the
distinction and different handling of two of neighbouring footprints, which can
restrict the simplification of geometry. First, distinct vertices of footprint’s
geometry that lie within the processed cell of employed spatial index. Second,
those vertices that lie in the neighbouring cells. The mechanism of data
management of multiple LOD is fundamental for formalization of the method.
Important is the concept of Global Indexing Grid (GIG) cell, which, basically, is
the Voronoi diagram on the sphere. GIG cells were used to delimit the
partitions of space that correspond to multiple LOD.

Synthesis. At run-time, the reconstruction of feature-based topographic
surface is based on the query on observer position, which returns only the
target GIG cells on multiple levels with associated geometry.

When a paging mechanism is associated with the viewer's position, it
provides records from relevant GIG cells at multiple LODs. The paging
mechanism can utilize several types of GIG queries. The algorithm for
reconstruction of the multi-resolution footprint for given position of observer,
was proposed.

The cases of topological validity including the non-trivial cases on the
boundaries between resolutions are discussed in detail.

Terrain-aware generalization of features. The second methodological part
of the thesis looks into the relations between geometry of footprints and
geometry of bare Earth on multiple LODs.

Simple and fast criteria for an evaluation of the importance of topological
change between feature to be simplified and the geometry of terrain, were
proposed. In order to determine the cost of a footprint's point removal, which
results in a new edge segment, the locality of the triangle structure was
exploited.

The maximum distance criterion, the root mean square of the orthogonal
distances between terrain points in the concerned territory, and the
volumetric criterion were defined. The extension, which incorporates these
criteria into the simultaneous simplification algorithm was presented.



The second presented method that allows to guide the simplification of
footprints with respect to important features of terrain, is rooted in the
addition of features representing terrain morphology into the process of
multiple LOD database creation.

It was presented, that thanks to the character proposed simplification
algorithm, terrain features prevents from undesirable simplifications of other
footprints. Moreover, the addition of terrain features enhances the
approximation of the terrain on coarser LODs.

Results & discussion

The geo-spatial information systems with global coverage, like the digital
Earth, are relatively new technologies. The approaches from multiple research
domains meet in the design of such a platform for sharing of spatial data.
Initial analysis and processing. The main result of this section is the
proposal and implementation of footprint analysis procedure.

It deals with possible geometrical inconsistencies by keeping track of
intersecting and overlapping poly-lines.

Moreover, the introduced analysis of footprints provides means for
processing the attributes of spatial objects, which encodes the required
behaviour or functionality of the object in the system and during its
interaction with other objects. This was manifested through the example of
weights that mark the importance of the constituting geometries of object's
footprint. The analysis of footprint enables the adjustment of such weights.
The outcome of such adjustment depends on what objects enter the analysis.
Such analysis guarantee, that afterwards such objects will act in the system in
mutual respect, e.g. the original common boundaries of the objects will remain
common on coarser LODs.

For the experimental evaluation, the OpenStreetMap (OSM) data were
chosen, particularly due to their nearly global spatial coverage. The selected
area for the sake of experiment covered the north-eastern part of Bohemia,
where all the other experiments were carried out.

In the implementation, we relied on the CGAL libraries, as they provide
highly efficient implementation of computational geometry algorithms, which
is suitable for processing of large datasets.

Relatively small number of topological exceptions from the stated
specification of the OSM data was detected. Although the problem of validating
the input data is theoretically simple and boils down to validation of the
defined set of geometrical rules, the implementation of tools for automatic
repair is far from being trivial.

The solution to the unclosed polygons was achieved through employment
of the triangulation library of CGAL. It is quite elegant approach, because the
triangulation is, in the presented solution, the tool that guarantees the
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2. Formalizace mechanismu ¢lenéni prostoru do riznych drovni detailu.

3. Navrh datového modelu pro popis topografického povrchu s podporou
geoprvkd v prostredi s LOD.

4. Navrh postupu analyzy vstupnich dat a automatizace jejich validovani.

5. Navrh postupu tvorby databdze geoprvki, ktery garantuje zachovani
topologickych vztahli mezi geoprvky v prostiedi s mnohocetnym LOD, jehoz
vysledna geometrie je konstruovana na zakladé takové databaze.

6. Navrh postupu rekonstrukce topografického povrchu s geoprvky pro danou
pozici pozorovatele.

7. Navrh postupu zjednoduSovani geometrie geoprvkd pri tvorbé
viceméritkové databaze, ktery bude zohledniovat geometrii modelu okolniho
terénu.

8. Navrh postupu, ktery umoZni zachovat vybrané prvky morfologické
struktury terénu na niz$ich trovnich detailu.

Metody & data

Nasledujici text je Clenén do tematickych celki, které odpovidaji Clenéni
samotné prace, a stru¢né shrnuje navrzené ptistupy.

Koncept viceméritkového obrysu geoprvku. Obrys je definovan jako
geometrie priniku mezi Delaunay triangulaci rekonstruovaného povrchu a 3D
geometrii geoprvku. Definice obrysu zahrnuje systém vah, které jsou
prirazeny jednotlivym bodim obrysu tak, aby byla rozliSena jejich dileZitost.
Primarni geometrickd struktura pro reprezentaci obrysu na vice drovnich
detailu je definovana jako zaznam, ktery nese urcenou podmnoZzinu pivodni
geometrie vztazenou k danému LOD. Definovana struktura zaznamu zajistuje
korektni rekonstrukci za béhu programu.

Vyuziti takového konceptu umoziuje rozsifit model terénu o libovolny
geoprvek, ktery ovliviiuje tvar terénu. Nadto se lze vyhnout strukturalni
slozitosti ryzich 3D feSeni. Soucasné je v§ak mozné provést integraci s modely
vytvofenymi plné ve 3D (objemovymi modely) tehdy, kdy se takovému reSeni
vyhnout nelze.

Obrys tak ma roli geometrického rozhrani mezi geoprvky navzajem a mezi

geoprvkem a terénem, diky kterému je umoznéna integrace 2.5D modelu
terénu a nezavisle modelovanych 3D objektt.
Analyza obrysu geoprvku. Price predstavila automatizovanou metodu
analyzy vstupnich obrysi, validace jejich geometrii a atributd. Z
geometrického pohledu metoda Fesi jevy jako piekryvajici se hrany, priniky
hran mimo vrcholy nebo duplicitni body. Atributova ¢ast analyzy zajistuje
vzajemné prizplisobeni vah geoprvkd v zavislosti na dalSich objektech
vstupujicich do analyzy. Je definovan systém pravidel pro ptizplsobeni vah.
Jejich dodrzeni je nutnym predpokladem pro zachovani vzijemné topologie
mezi objekty (spole¢né hranice apod.) na niz$ich drovnich detailu.
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Uvod

Rozvoj novych technologii pro potizovani prostorovych dat znacné rozsiril
mnoZstvi i dostupnost objemnych geometrickych dat pro modelovani povrchu.
Tyto datové sady maji témér globalni pokryti vyuzitelné pro aplikace v oblasti
geoinformacnich systémi. Existuje enormni mnozstvi datovych zdrojd, které
se lisi prostorovym pokrytim, dimenzionalitou, rozliSenim, presnosti a fadou
dalsich faktorti véetné datového formatu pro jejich ulozeni.

Geoprvky modelované ve 3D na zakladé takovychto zdroji dat maji jedno
spolecné, a to je vztah ktopografickému povrchu, vi¢i némuz jsou
referencovany.

Rada reprezentaci topografického povrchu poskytla graficky model celé
planety ve 3D. Tato reSeni se zaméruji zejména na vysoky vykon vizualizace.
Tato optimalizace vSak omezuje interoperabilitu dat, spravu dat a jejich
distribuci i analyzu dat. Existujici 3D feSeni nadto postradaji geometrickou
flexibilitu a presnost na hranicich s modely jinych geografickych objektd.
Pfesna reprezentace téchto hranic na topografickém povrchu je pritom klicova
pro fadu analytickych aplikaci.

Také v oblasti ulozZeni, udrzby a distribuce, existujici pristupy ke globalnim
aplikacim imituji posloupnosti méritek tradi¢nich map k vytvoreni rtiznych
tirovni detailu (LOD) objektii. Casto tak dochazi k uchovavani jednotlivych
datovych modeli pro kazdou LOD.

Nejnovéjsi pristupy, zejména pro ucely ndrodnich mapovych agentur,
sméfuji k odstranéni tohoto nedostatku. Prikladem mohou byt viceméritkové
databaze nebo hierarchické struktury jako je tGAP. Zasadni problémy téchto
feSeni spocivaji v obtizné editaci téchto komplexnich datovych struktur,
uchovavani topologie, které zvysuje jiz tak obrovské datové objemy, které je
potfeba ukladat a soucasné ztéZuje jejich distribuované uloZeni.

Cile prace

Hlavnim cilem prace je navrh viceméritkové datové reprezentace

topografického povrchu zaloZené na geoprvcich. V soucasné dobé je

otevirenym vyzkumnym problémem nalezeni takového reseni, které by

e narlznych urovnich geometrického detailu umoznilo spravu geometrie
modell prostorovych objektli v souladu s modelem terénu a jejich
vzajemnou integraci

¢ kromé efektivni vizualizace bylo vhodné pro i prostorovou analyzu a
distribuci dat.

Lze definovat nasledujici dil¢i cile, jejichZ vytresSeni vede k celkovému cili.

1. Nalezeni vhodné struktury pro prostorové indexovani, kterd disponuje

podporou pro vice urovni geometrického detailu geoprvkil a soucasné

umoZiiuje vyhnout se projekcim prostorovych dat.
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prevention from the topological errors caused by poly-line simplification. The
polygon closing is guaranteed by the triangulation library. Another advantage
of this approach is, that the potential holes/islands inside polygons are easily
handled by he triangulation library, with no other auxiliary data structure or
special mechanisms needed. Several inappropriate overlays of buildings’
footprints were removed manually.

Multi-resolution database of features. The concept of footprints was
extended, so as to be applicable in the multi-resolution environment. For this
purposes, the primary geometric structure of the footprint and the geometry
simplification algorithm were proposed.

The record of footprint always holds a subset of points of the original
footprint's representation, which is relevant only to a given LOD. It is upon the
generalization algorithm to determine the subset of points for the record
associated with each LOD. This algorithm is a main achievement in this
section.

In order to assign the constituent points to a distinct LOD, the simultaneous
simplification algorithm was designed and implemented. Presented algorithm,
in contradistinction to existing solutions, is not limited to a connected graph.
Together with the adjustment of weights introduced in the procedure for
footprint analysis, the presented approach is applicable to an arbitrary set of
poly-lines.

The main improvement over existing simplification methods lies in the
ability to produce topologically consistent geometry for an environment
(graphic scene), which consists of multiple LODs.

For the sake of implementation of the geometry simplification method,
which is the core of our approach to the creation of multiple LOD database of
features, we got back to the CGAL library. On top of the CGAL's poly-line
simplification solution, we implemented an extension for multiple-resolution
database creation, which corresponds to the proposed simplification
algorithm.

The functionality of the multi-resolution concept of topographic surface
with features was verified by means of the created multi-resolution database.
Multiple scenarios were tested:

e various input feature layers and their combinations were used as an input
to the multiple LOD database creation,

¢ the database was created with the use of different stop criteria to the
simplification,

¢ the adjustments of cost functions of selected layers were tested, in order to
consider different semantics among layer,

¢ multi-resolution databases with two as well as three LODs were provided.

The simplest mean of long term data persistence, namely the 1/0 files storage

resulting from the CGAL processing, is not suitable for the solution, that is
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intended for the distributed environment and client/server applications, or
even enterprise-level storage. Therefore, the PostgreSQL database platform
was used as a third party technology for the storage of the data.

Procedural topographic surface. The procedural aspect of the solution
presented across this work introduced another shift of current approaches.
This shift is rooted in the procedural character of the topographic surface
reconstruction, which the primary geometric structure was tailored to.

The primary geometric structure in this work was designed for the
procedural way of topographic surface reconstruction. Consequently, the
redundancy in data storage was entirely avoided.

The procedure for run-time reconstruction of poly-line's geometry relevant
only to given query on observer's position was proposed and implemented. As
a consequence, an effective construction of the footprint-enhanced
topographic surface with multiple LOD can be synthesized for a neighborhood
of observer's position.

When this position is associated with the viewer's position, the paging
mechanism is obtained, which always provides data for a relevant
neighborhood at multiple LODs.

This supports data access but also visualization for possibly huge databases,
which cannot be entirely loaded into memory and visualized, which can reside
on a network, can be distributed, and/or decentralized.

To evaluate the functionality of the concept, the run-time control
application, which includes the implementation of the feature-enhanced
surface reconstruction and adopted viewer component, are presented.

It is rooted in the Java-based application. It has a character of a processing
pipeline, which controls the course of the data synthesis. It utilizes the Apache
Commons component Pipeline, which objective is to provide a set of utilities
for parallelized data processing and several multithreaded processing models.

The pipelines allow the data objects to be processed by a series of Stages,
which are the primary unit of execution in a processing pipeline. They act as
an independent user-defined components, the threading model of each stage is
independent on the threading model of the other stages. The reusability of
stages in other pipelines is another advantage.

The scene of multi-resolution topographic surface was reconstructed at
run-time and several performance statistics were provided. They showed the
feasibility of the solution, despite the fact, the implementation is not
production-ready and its performance is not optimized.

Terrain morphology analysis and application. The method for extraction of
valley-lines and ridge-lines was proposed and implemented. It is rooted in the
point cloud analysis, which uses the primal approximation of the searched
terrain break-line. The existing solutions were enhanced especially in terms of
the independence on the primal approximation accuracy. This was achieved
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through the iterative method, which acts adaptively to the accuracy of primal
approximation and takes into consideration the shape of surrounding terrain.
The implementation utilized ArcPy libraries and was mostly achieved within
the project related to the master thesis, the author supervised.

Briefly, the method for extraction of terrain features worked well for
detection of sharp break-lines (ridge lines, valley lines), but provided
debatable results, when even significant elevation difference (deep valley, high
mountain) has rounded ending (valley bottom, mountain ridge).

The retrieved ridge-lines served as an input to the test of two
characteristics of the concept, proposed in this thesis. It was verified, that the
insertion of the terrain feature (ridge-line) into the database creation process
prevents from a topological dislocation, which could occur on coarser LODs
between such a feature of the terrain and some other footprint.

By means of simple visibility test over two types of multi-resolution
surfaces, the ability to enhance the quality of terrain approximations on
coarser LODs on-demand was demonstrated, as well as the suitability of the
concept for spatial analysis.

Conclusions

The presented work is the result of a long-lasting interest of the author in the

digital Earth research domain. This work introduced a procedural data

representation for the feature-based topographic surface, which is globally
applicable and supports position-dependent level of detail.

The proposed solution reflects on multiple requirements of digital Earth
systems. In addition to the visualization performance, the properties regarding
data interoperability, data management and distribution, data analysis and the
multiple LOD were considered as essential for the design of the geographic
information system with the global coverage.

To briefly list the contributions, the thesis:

¢ formalized the concept of footprint in the multiple LOD environment,

¢ shown, how to obtain valid input data for the generalization of footprint's
poly-lines,

e proposed simultaneous simplification of poly-lines for the multiple LOD
environment, which is aware not to introduce topological errors,

e proposed the primary geometric structure for footprints on multiple LODs
and shown, that when this representation is used in conjunction with
procedural topographic surface, any redundancy in data storage can be
avoided,

e presented two approaches to guide the generalization of features with
respect to terrain,

¢ demonstrated, how to enhance the quality of terrain approximation on
coarser LODs at run-time on-demand.
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