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Kurzfassung

Bei der digitalen Modellierung der Erdoberflache und des Erduntergrunds entstehen grofRRe
Mengen an raum-zeitlichen Daten. Das Management, die Verbreitung und Nutzung dieser
Daten ist daher von essentieller Bedeutung. Diese Arbeit stellt hierfir drei aufeinander
aufbauende Bestandteile eines Workflows fir den effektiven Umgang mit raum-zeitlichen
Daten vor. Dieser beginnt bei der Datenhaltung mit dem Ziel die Daten mobilen
Geoinformationssystemen Uber geeignete Webservices zur Verfligung zu stellen.

Der erste Teil umfasst die effiziente Verwaltung raum-zeitlicher Daten. Hierflr wird ein
Verwaltungs-Modell vorgestellt, welches aus den fiinf ineinandergreifenden Konzepten Point
Tubes, Deltaspeicherung, Topologie Management, Verwaltung thematischer Daten und Netz
Komponenten besteht. Die jeweiligen Konzepte werden zunachst auf den Anwendungsfall
der Verwaltung raum-zeitlicher Daten auf Basis simplizialer Komplexe Ubertragen.
AnschlieRend werden diese zu einem umfassenden Verwaltungs-Modell zusammengefihrt,
welches die Vorteile der Konzepte vereint. Dieses bildet die Grundlage fir die Umsetzung
innerhalb einer Datenbank Architektur. Das Verwaltungs-Modell ist flr verschiedenste
Anwendungsfalle geeignet. Dazu gehdéren massive Verdnderungen zwischen aufeinander
folgenden Zeitschritten und ein differenzierter Umgang mit thematischen Daten.
Unterschiedliche zeitliche Diskretisierungen von Teilbereichen eines 4D Modells werden
entsprechend behandelt. Insgesamt wird durch das Verwaltungs-Modell der
Speicherplatzbedarf von 4D Modellen reduziert und rdumliche sowie raum-zeitliche
Operationen wesentlich beschleunigt.

Der zweite Teil umfasst den Austausch raum-zeitlicher Daten und die Zurverfigungstellung
raum-zeitlicher Operationen Uber eine Netzwerk-Schnittstelle mit Hilfe von Webservices.
Beispielhaft werden zwei Webservices realisiert, welche auf den Geodatenstandards Web
Feature Service und Web Processing Service aufbauen. Hierbei wird gezeigt, wie der Aufbau
auf vorhandenen Standards die Entwicklung von Client-Anwendungen und die Integration in
bereits existierende Geodateninfrastrukturen erleichtert. Durch die Webservices kénnen
raum-zeitliche Daten auf Client-Anwendungen Ubertragen und raum-zeitliche Operationen
auf der Server-Seite durchgeflhrt werden.

Der dritte Teil des Workflows umfasst einen Ansatz flr ein generisches mobiles
Geoinformationssystem flr professionelle Anwender. Hierflr wird zunachst eine allgemein
glltige Definition erarbeitet. Dabei wird erldutert, wie die intensive Nutzung von
Geodatenstandards eine geeignete Basis flr solch ein System darstellt. Das allgemein gliltige
Konzept wird anschliefend um die Anforderungen raum-zeitlicher Daten erweitert. Dadurch
wird eine beispielhafte Anwendung des Verwaltungs-Modells und der Webservices flir raum-
zeitliche Daten geschaffen.



AbschlieSend werden alle drei Bestandteile dieses Workflows anhand konkreter
Implementierungen evaluiert und als freie open source Software zur Verfligung gestellt.

Dabei zeigt sich, dass die Anforderungen an einen effektiven Umgang mit raum-zeitlichen
Daten durch den Workflow erfullt werden kénnen.



Abstract

In the geosciences the modelling of surface- and subsurface-structures produces huge
amounts of 3D data. With the introduction of time as a fourth dimension this amount
increases even more. Therefore, the handling of such data is most important. Within this
thesis, a workflow for an efficient and practical handling of spatio-temporal data is presented.

This workflow consists of three layered parts. The first part is the efficient management of
spatio-temporal data. A data management model consisting of the five concepts Point Tubes,
Delta Storage, Topology Management, Handling of Thematic Data, and Net Components is
presented. These concepts are transferred and adapted to manage spatio-temporal data
based on simplicial complexes. The development of a comprehensive model that combines
the benefits of these partial concepts, forms the foundation of a realization within a database
management system. With this model, it is possible to handle various kinds of spatio-
temporal applications. These include massive changes between consecutive time steps and
a differentiated handling of thematic and semantic data. Variable temporal discretizations of
partial regions of a 4D model are managed accordingly. The data management model reduces
the storage requirements of 4D models and accelerates computational operations
significantly.

The second part focuses on the development of Web services for the dissemination of spatio-
temporal data. For this purpose, two Web services are presented that are based on the OGC
standards Web Processing Service and Web Feature Service. These services grant access to
spatio-temporal data and operations via a network interface. It is demonstrated that the use
of standards facilitates the realization of client applications and the integration into already
existing geodata infrastructures. With these Web services spatio-temporal data can be
distributed and spatio-temporal operations are executed server-side.

The third part of the workflow is a generic mobile GIS for professional users as a typical
application for the spatio-temporal data management model and the related Web services.
The intensive use of spatial data standards is explained to be an appropriate basis for such a
system. First, a general concept for generic mobile GIS is presented. Afterwards, this concept
is extended to include the specific requirements for the handling of spatio-temporal data.

Supplementary, explicit implementations for all three parts of the workflow are provided as
free and open source software and are partially integrated into a 3D/4D geodatabase
architecture. These are used for a concluding validation and evaluation and confirm the
benefits of the workflow within multiple application scenarios.
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1 Introduction

1.1 Motivation

The data basis of diverse scientific disciplines consists of data with a spatial reference
[Torge, 2003], [Bartelme, 2005], [Li, 2015], [Dao et al., 2015], [Weihed, 2015]. In the 1960s
Tomlinson developed the first digital geographic information system (GIS): the Canada
Geographic Information System (CGIS) [Tomlinson, 1967]. Since then the field of GIS and
geographical information science (GIScience) has developed enormously. In most cases
we have to deal with 2D or 3D data.

The amount of spatial data grows rapidly, which is partly due to the continuous improve-
ment of the recording equipment and the distribution in different scientific and industrial
disciplines. The research field of GIScience provides essential results and information for
spatial issues, such as the identification of a suitable location for a shopping center or an
exploration site for the next oil reservoir. The results of location based questions are in-
dispensable even from daily use. For example, every day we can calculate the fastest way
to our workplace using current traffic information and geometric analyses.

When it comes to digital spatial data, we have to differentiate between different data
types, their dimensions, and the dimension of the space in which the data is present.

For most applications the use of 2D data is sufficient. Such data can for instance be ob-
tained through the digitization of aerial photos or analogue maps.

Nowadays, an increasing amount of data sets come from a wide range of movement and
location sensors, e.g. from smartphones or GNSS devices. In most cases we deal with 2D
data types of the ISO 19125 (Simple Feature Access) [OGC, 2011], i.e. points, lines and
polygons. A typical application for such data is the visualization of thematic data. Topo-
logical relationships between spatial objects can be used to establish graphs for various
purposes, e.g. routing algorithms [Bast et al., 2014].

Of course, applications on the basis of 2D data have their limitations, e.g. the height and
volume of a particular object cannot be handled accordingly.

For this purpose, it is possible to use 3D data such as 3D point clouds, which are for in-
stance gathered by LiDAR (Light Detection and Ranging) or depth cameras, e.g. Microsoft
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Kinect!. These are often X-, Y-, Z-values referenced to a local Cartesian coordinate system
or to a geodetic reference system such as WGS84 (World Geodetic System 1984). Addi-
tionally, 3D meshes, structured and irregular (e.g. simplicial complexes) as well as struc-
tured and regular (e.g. 3D grids), can be used to describe the surface and/or volume of
objects. The origin of such objects can often be found in the modelling of the natural
environment [Breunig et al., 1999], [Mallet, 2002], [Xing et al., 2015].

For many applications it is necessary to consider a temporal aspect, i.e. to describe the
transformation of a certain region within a period of time. In 2D applications we can
model transformations such as the expansion of a city or the alternation of crops on a
field. Also, real-time applications such as traffic monitoring can be handled in 2D [Bottero
et al., 2013].

An important focus of research, which also is the target area of this thesis, is the model-
ling of 3D spatio-temporal data that have their origin in the field of earth sciences, par-
ticularly geology, geothermal energy and geomorphology.

When 3D data gets extended by a temporal component it is possible to model the trans-
formation of natural structures such as soil layers [Weihed, 2015]. In these fields various
modelling tools such as GOCAD?, GeoModeller? or Petrel* are used for the development
of digital 3D models. In this thesis, we focus on models that consist of d-simplicial com-
plexes with a dimension d e {0,1,2,3} [Mallet, 1992], [Mallet, 2002]. Accordingly, point
clouds, segment-, triangle- and tetrahedra-nets form the geometric basis to describe a
landslide or a geologic layer, respectively. The temporal transformation of such structures
is realized by the use of time series that consist of interrelated 3D models. The interme-
diate period can be supplemented by the use of an appropriate interpolation technique.
Due to this procedure we are able to model time-continuous phenomena.

Apart from spatial and temporal dimensions there are additional kinds of data we have
to consider, such as semantic or thematic data, e.g. type of use or owner, but also meta-
data, e.g. recording time or copyright. A more detailed overview of various spatial data
models is presented in Chapter 2.

Another important task is to handle and provide such huge amounts of spatial data effi-
ciently to different users and systems. For the handling of geodata, various tools have

1 Microsoft Kinect is originally a consumer product for the home video game console
XBOX. The sensor captures depth and RGB-pictures.

2 Paradigm GOCAD® — Software suite for the development of geoscientific data.

3 Intrepid GeoModeller — Software to develop 3D geological models.

4Schlumberger Petrel — Exploration software for the development of geoscientific data.
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been developed or adapted from other disciplines to the field of GlIScience in the last
decade. To work with data files is an outdated and no longer contemporary method. In
1976 with GEOQUEL a first approach for a geodatabase has been developed to improve
the handling and storing of the ever-growing amount of spatial data [Williams, 1976].

Nowadays we use professional geodatabases, which provide a comfortable data manage-
ment including a support of various spatial access methods. In addition, such geodata-
bases often provide simple geometric analysis functions and capabilities for the exchange
of information between multiple collaborators and working groups. According to [Wor-
boys and Duckham, 2004] a geodatabase forms the heart of any GIS. Geodatabases that
handle time as an additional dimension need to meet a significantly extended set of re-
quirements and are subject of ongoing research [Le, 2014], [Gabriel et al., 2015], [Ohori,
2016], [Breunig et al., 2016].

The support of a temporal component for simplex based data within conventional mod-
elling tools is still limited [Mejia et al., 2015], [Royer et al., 2015]. Therefore, the compo-
sition of 4D models is one important task for a 3D/4D geodatabase. By the linking of 3D
models to an explicit 4D model, continuously changing phenomena can be managed in a
comprehensive way. Thus, the access to individual time steps of the model is facilitated.
Additional intermediate steps should be calculated with the help of interpolation rou-
tines. A geodatabase developed this way is a good basis for advanced spatio-temporal
operations.

When dealing with spatio-temporal phenomena we need to handle huge amounts of
data. Therefore, it is essential to improve the internal management by the development
of appropriate data structures and data handling concepts, i.e. a data management
model. This topic is one of the major issues addressed by this thesis.

Another important challenge is the dissemination of data. The access to data should be
as standardized as possible for an appropriate exchange of data between client and
server. This is a key issue for a productive collaborative cooperation if multiple teams are
involved. To this end, concepts for countless different Web services have been developed
for various applications, which standardize the communication between the client and a
data source, e.g. a database [Fielding, 2000], [Daigneau, 2011]. Unfortunately, no solu-
tions are available that meet the requirements for a standardized access of spatio-tem-
poral data and operations.

A spatial data infrastructure based on standards and with a suitable geodatabase in the
backend, however, is useless without appropriate client applications. A conventional cli-
ent application, for instance, is the commercial 3D modelling software GOCAD, as well as
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the free and open source visualization package ParaViewGeo®. Meanwhile, mobile geo-
graphic information systems (GIS) for 2D as well as for 3D data turn into the spotlight of
current research [Meek et al., 2013], [Milanes et al., 2014], [Shitkova et al., 2015], [Han et
al., 2015], [Zajickova, 2015], [Kang et al., 2015]. There are different professional solutions
available on the market, such as Cadenza Mobile®, ArcPad” and GeoTechMobile® which
have been developed primarily for the processing of 2D data. Furthermore, current re-
search projects deal with the development of mobile GIS for 3D data. The focus is on the
visualization of information in the field. So-called augmented reality (AR) viewer were
developed that superimpose the reality on site with computer generated 3D data [Urban
et al., 2013]. Due to this promising research field, the present thesis focuses primarily on
mobile GIS as a client application for spatio-temporal data.

In summary, this thesis addresses three interrelated challenges:

1) An efficient and practical handling of spatio-temporal data that is based on sim-
plicial complexes.

2) The dissemination of spatio-temporal data and operations based on existing
standards.

3) The realization of a generic approach for mobile GIS applications with a focus on
spatio-temporal data.

The scope of this work is to develop an effective workflow for the processing of spatio-
temporal data which is based on simplicial complexes. The main challenge for this work-
flow is the efficient management of spatio-temporal data, suitable for an implementation
in spatial databases. The second challenge is to provide an appropriate data infrastruc-
ture for the exchange of spatio-temporal data. To this end, explicit Web services are to
be developed, which support the exchange of spatio-temporal data and the invocation of
spatio-temporal operations. The third challenge is to design and develop a generic mobile
GIS application, which can be used as a typical application for the management model
and the Web services. The individual objectives that lead to such a workflow are subject
of the next section.

> ParaViewGeo — Open source visualization for geoscience.

6 Cadenza Mobile — Mobile GIS application for Android and iOS.
7 ArcPad — Mobile GIS application for Windows Mobile.

8 GeoTechMobile — Mobile GIS application for Android.
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1.2 Objectives and Structure

The primary objective of this thesis is the design and development of a spatio-temporal
data management model, which accelerates the data-retrieval and the performance of
spatial and spatio-temporal operations. Simultaneously the storage requirements are to
be reduced and enhanced capabilities for the control and management of thematic and
semantic data have to be provided. Currently, there are multiple prototype database
management systems (DBMS) for different spatial data types and applications available
[Wolfson et al., 2002], [Breunig et al., 2009], [Gabriel et al., 2015]. This thesis focuses on
the management of spatio-temporal data that consist of 0-3D-simplices and form simpli-
cial complexes, cf. Chapter 2.3.2.

Among others, [Polthier and Rumpf, 1994], [Strathoff, 1999], [Breunig, 2001], [Shumilov
et al., 2002], [Siebeck, 2003], [Worboys and Duckham, 2004], [Apel, 2004], [Rolfs, 2005]
and [Le, 2014] have developed various concepts for the management of spatio-temporal
data. This preparatory work represents an important foundation for the development of
the data management model that is presented later in Chapter 3. The corresponding re-
quirements of such a model are examined in detail within Chapters 2.4 and 3.

Based on this work a new approach for a data management model is developed, which
comprises five sub-concepts as described in Chapter 3.1 to 3.5. For each concept the ex-
isting prior work is presented and subsequently adapted to the management of spatio-
temporal data based on d-simplicial complexes. At the same time, the impact on the dif-
ferent dimensions d € {0,1,2,3} of such complexes is described in detail. The advantages
and possible disadvantages of each approach are worked out in particular. Subsequently
a comprehensive model on the basis of these five sub-concepts is developed. This model
requires less presupposed constraints and provides an expanded functionality while com-
putational operations are accelerated and storage requirements are reduced.

The dissemination of spatio-temporal data is one key challenge for a multi-user collabo-
ration. The specific requirements for such a dissemination that are to be met by an ap-
propriate Web service, are introduced in Chapter 4.1. In Chapter 2.5 a selection of im-
portant general Web service fundamentals are presented. Among others, [Pouliot and
Bédard, 2007], [Bar, 2007], [Dittrich, 2012], [Wild, 2012], [Breunig et al., 2013b] have de-
veloped first approaches for the dissemination of data based on simplicial complexes.

This thesis was written while the INSPIRE (Infrastructure for Spatial Information in the
European Community) directive and the German geodata access law (GeoZG) were being
implemented. These will facilitate the standardized exchange of spatial data between
various European authorities. Therefore, concepts for a standardized access of spatio-

5
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temporal data are discussed based on established standards for the dissemination of 2D
data. In this context, the use of existing concepts and standards for developing appropri-
ate Web services for spatio-temporal data is analyzed.

An important group of potential clients for such Web services are mobile GIS, which are
introduced in Chapter 2.6. Mobile GIS provide opportunities for a productive work in the
field, such as different possibilities of visualization and processing of spatial data.

First, the requirements of a generic mobile GIS for professional users are worked out,
afterwards a general concept for a generic mobile GIS is presented in Chapter 5. For this
purpose, the use of standards for the transfer and processing of spatio-temporal data in
the context of mobile GIS is examined. The concept of a generic mobile GIS is based on
the strengths of various OGC standards in particular and is therefore closely linked to the
development of these standards. The realization of this concept is part of Chapter 5.4.

In the following, the three main objectives of this thesis and their linkage are summarized:
First objective - a data management model for spatio-temporal data

The design and development of a comprehensive data management model for spa-
tio-temporal data forms the core of this thesis. Data from the research field of earth
sciences particularly geology, geothermal energy and geomorphology form the
data base, whose geometric part is represented by d-simplicial complexes. The fo-
cus is on the modelling of continuous phenomena.

The intention is to accelerate the data-retrieval and the performance of geometric
operations. A reduction of storage requirements and an enhancement of thematic
and semantic data handling are part of this objective. The model must be suitable
for an implementation in a spatial database.

Second objective - Web services for the dissemination of spatio-temporal data

The second objective focuses on the development of Web services, providing a
clear interface between the data management model and client applications such
as mobile GIS. To achieve this, existing and standardized solutions for the dissemi-
nation of conventional spatial data must be taken into account. These Web services
must be capable to provide access to spatio-temporal data and spatio-temporal
operations.

Third objective - a concept for a generic mobile GIS for spatio-temporal data

The third objective is the design and development of a generic mobile GIS as one
possible client application for the visualization and processing of spatio-temporal
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data. In a first step the characteristics of a generic and universal mobile GIS need
to be worked out in general. Subsequently, the consideration of the specific re-
quirements for spatio-temporal data in this context lead to the development of a
generic mobile GIS for spatio-temporal data. Thereby the entire client-server work-
flow is completed.

For each objective at first the prior work is examined. Based on that, a technical frame-
work is created and presented in detail.

Part of this thesis is not only the development of concepts to the targeted objectives, but
also the development of explicit implementations. A practical implementation of the
comprehensive data management model based on the geodatabase architecture
DB4GeO [Breuniget al., 2009] is presented in Chapter 5.3. DB4GeO was initially developed
at the University of Osnabrick and is currently the subject of multiple research projects
at the Geodetic Institute of the Karlsruhe Institute of Technology (KIT). An implementa-
tion of Web services for the standardized access of spatio-temporal data is described in
Chapter 4.3. The practical realization of a generic mobile GIS for spatio-temporal data is
part of Chapter 5.4.

[Roddick et al., 2004] noted that a simple visualization of the data itself supports the user
in handling a spatio-temporal database. Therefore, a WebGL Viewer is developed, which
enables a rapid visualization of data within an Internet browser.
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2 Fundamentals and Related Work

This chapter discusses relevant preparations and preparatory work, which are helpful for
the further understanding of this thesis. Several different models for the representation
of spatial data have been emerged over the years due to different application areas with
diverse requirements. Sometimes these models are based upon each other, but they can
also differ fundamentally. In a first step, purely spatial data models are introduced and
time is subsequently added as a new dimension. A strong focus is on the geometric model
of simplicial complexes, which forms the basis of the spatio-temporal data that is used
within this thesis. In the context of spatio-temporal data modelling, there are different
approaches for dealing with time itself. A selection of the most relevant for this thesis is
presented. For a general introduction to the mathematical foundations of handling spa-
tial data in Euclidean space the book "GIS: A Computing Perspective" by [Worboys and
Duckham, 2004] is highly recommended.

Preparatory work on spatial databases is part of Section 2.4. Hereby the focus is on geo-
databases that are specialized on the management of spatio-temporal data.

Furthermore, the technical background for the dissemination of data via a network inter-
face is part of Section 2.5. In particular, Representational State Transfer (REST) [Fielding,
2000] and Simple Object Access Protocol (SOAP)® [W3C SOAP] are discussed. Subse-
quently, two Web services standards of the Open Geospatial Consortium (OGC) are de-
scribed: Web Feature Service and Web Processing Service. These form the foundation for
an appropriate infrastructure for spatio-temporal data, which is the subject of Chapter 4.

Prior work in the field of mobile GIS and Location based Services (LBS) is presented in
Chapter 2.6 and form the basis for the realization of a generic mobile GIS for spatio-tem-
poral data, which is part of Chapter 5.

2.1 Spatial Data Models

The existence of multiple models for the mapping of spatial data originate in require-
ments, which differ depending on the specific application. According to [Peuquet, 1984]
it is not possible to develop a universal and simultaneously suitable data model for any

9 Nowadays often only the acronym SOAP is used because this architecture is neither
simple nor limited to objects.
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situation. These models possess different representations and ways of processing the
data. Another issue is the dimension of the space, in which the data is present.

In a first step, the modelling of spatial data can be divided into two different approaches.
The first are field-based models realized by raster data, e.g. orthophotos that consist of
a uniform grid. In many cases factual information is assigned to cells. A grid consists of a
matrix of cells having a prescribed common extent. Every grid cell owns a certain value,
which belongs to the respective cell, cf. Figure 1a. Following this approach, it is possible
to describe e.g. the nature of surfaces. Often several of these raster layers are superim-
posed on one another and brought into relation during analysis functions to generate
new information. Such raster data can be handled and stored in image formats such as
TIFF or GeoTIFF [Bartelme, 2005].

In the field of 3D geosciences it is also possible to handle raster based data, which are
often referred to as grid or voxel, cf. Figure 1b. In this case these grids are uniformly ar-
ranged and structured. Within a 3D-grid data may also be assigned to individual cells.
Such data can be e.g. pressure or temperature values. It is also possible to assign more
than one value to each cell simultaneously. The distribution is considered to be uniform
within each specific cell. The benefit of uniform and structured grid cells is the clear allo-
cation and the possibility to implement fast and simple algorithms. Disadvantages are a
potentially high storage requirement if the data is unequally distributed and an inaccu-
racy emerging through the grid itself [Glting, 1994].

a)

Figure 1 - a) 2D-raster b) 3D-grid (regular)

The second major approach of spatial data models are object-based models realized by
vector data. There exist several different data models, which are presented in the follow-
ing. A major difference to the raster-based data is the possibility to create spatial data by
using points that can be linked to lines or polygons, cf. Figure 2.
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Figure 2 - Various types of vector data: points, linestring, polygon.

In comparison to the raster data this approach improves the flexibility and accuracy of
the presentation and handling of the data. This also reflects in a more precise indication
of the location of information. Irregular and unstructured grids, e.g. triangulated irregular
networks (TIN) are assigned to the field of vector data, see Figure 3. There are several
different spatial data models for this kind of node based geodata, which can have various
restrictions or constraints for the construction of basic geometries. The so called Spa-
ghetti Model, for instance, offers no information about the connection between adjacent
geometries. Meanwhile there are topological data models which can handle such infor-
mation and use them for spatial analysis functions [Peuquet, 1584].

Figure 3 - A triangulated irregular network (TIN)

Although 2D data is commonly used for conventional map applications, the field of 3D
vector data becomes increasingly relevant [Breunig and Zlatanova, 2011], [Pouliot et al.,
2013], [Gabriel et al., 2015], [Biljecki et al., 2015].

The spatial data itself can contain various information in addition to purely geometric
attributes. These include, for instance, thematic or semantic data® (e.g. soil quality) or

10 Thematic data are primitive attributes such as temperature values. Semantic data are
usually more complex and refer to particular entities.

10
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meta-data (e.g. date of the survey). In addition, spatial data, regardless if 2D or 3D, can
be expanded to a higher dimension to include a temporal component. This kind of spatio-
temporal data is part of Section 2.3.

The usage of a specific data model highly depends on the particular application. 2D Ap-
plications often describe spatial relationships between different geometries. An example
is the demarcation between streets, houses and meadows. Here different data models
are suitable for various problems. Is it purely to the presentation of information? Shall
the data be processed any further? Is it important to have topologically distinct geome-
tries? For almost every geometric algorithm or analysis function some constraints need
to be matched by the data, e.g. to calculate the area of a polygon geometry, the polygon
must be closed and clearly identifiable. A frequently used data model for the description
of valid points, polylines and polygons, is the Simple Feature Access Model [OGC, 2011].
Within this model such conditions, e.g. the constitution of a polygon, are well defined.

Modelling of natural shapes

[Peuquet, 1984] describes different ways to represent natural surfaces. She compares
different data models for mapping spatial data in a 2D space. Thereby, various methods
for the tessellation of space are compared with each other. Conventional methods are
the use of regular grids of squares, triangles or hexagons. Peuquet comes to the conclu-
sion that irregular structures represent natural data most efficiently. This is partly due to
the fact that an irregular structure can be adapted to the distribution of the data itself,
while a grid is imposing a precision level based on the resolution of the cells. Following
this approach, regions with a higher density of important information can be mapped
accordingly. Of the three different grid structures, the triangles are best suited to span
an irregular network. This perception can also be transferred to model surfaces in 3D
space. Therefore, TINs are useful to reflect the structure of a natural terrain. [Mallet,
1992] confirms this assumption and identified the advantages of the usage of TINs over
conventional CAD techniques such as B-splines. Therefore, he initiated the development
of the well-known 3D modelling software GOCAD.

Definition of 3D

In addition to the different data models it is also important to define the term "3D data".
In the field of GIScience this is done in different ways. The examples in the following Table
1 all use three-dimensional coordinates (%, y, z):

11



Fundamentals and Related Work

Table 1 - Definition of 3D data

Dimension Properties

2.5D Only surfaces, no vertical surfaces and no bulges are allowed.
Addition of the height z as an attribute to the geometry.
z=1(x,y).

2.7D 2.5D + vertical surfaces are allowed, e.g. walls, houses, slopes, but no
bulges. [Forstner, 1995]

2.8D 2.7D + bulges are allowed, e.g. balconies.
Only the shell of 3D objects is represented. [Groger and Plimer, 2005]

3D 2.8D + not only the shell of objects, but the real volume is repre-
sented.

The diverse handling of three-dimensional coordinates has its origin in the varieties of
particular applications. For instance, when working with a digital terrain model (DTM) the
height is needed only once for every point within the plane spanned by x and y. In this
case the z-value is unique for each (x, y) pair. More z-values would only increase the
complexity of the data model.

When it comes to the modelling of houses, the opportunity to create surfaces, which are
orthogonal to the xy-plane must be provided. Otherwise it is not possible to model walls
and other similar structures. This model can be extended by the ability to represent
bulges. Accordingly, it must be possible to have multiple z-values for each point in the
xy-plane. Such data still represents only surfaces without real volumes.

This will only be achieved by using "real" 3D, where solids are formed by the use of vol-
ume spanning primitives; e.g. cubes or tetrahedra. In this thesis the terms three-dimen-
sional or 3D data always refer respectively to the definition of 2.8D or 3D data.

Levels of Detail

Another type to represent different spatial data is the handling of different levels of detail
(LoD) of a model. In particular, the CityGML standard [Kolbe, 2009] defines different LoD
for city and building models. These range from a simple Digital Terrain Model (DTM) to
detailed house-models including their interiors. The following Table 2 shows the five dif-
ferent LoDs, which are used in CityGML:

12
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Table 2 - Different LoD representations of city models according to CityGML [Kolbe, 2009]

Level of Detail Example

LoD O: regional model, landscape (2.5D Digital Terrain
Model)

LoD 1: block model without roof shapes and texture

LoD 2: detailed model, differentiated roof shapes, with
simple textures

LoD 3: differentiated architectural model with detailed
textures

13
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LoD 4: real object shape with interior model

In this case the different LoDs are related to city and building models that are managed
with CityGML. But also other models, which are developed in a different context, use
various approaches on handling different kinds of LoD. For instance, in the DFG research
project 3DTracks [Breunig et al., 2011] the handling of different LoDs in the context of
CSG-based data®! are studied using the example of 3D metro track models [Borrmann et
al., 2012]. In this case the LoDs also increase with every step, but the procedure itself is
completely different. The LoDs of a CityGML model represent a further generalization of
the model with each lower LoD (LoD4—>LoD3-...—>LoDO, cf. Table 2). In contrast, each
ascending LoD degree of a CSG model (LoD1->LoD2->...—>LoD5, cf. Figure 4) is another
refinement of the model itself. Consequently, the model is further developed with each
LoD. The following Figure 4 illustrates the different LoDs of a metro track section mod-
elled with CSG.

11 Constructive Solid Geometry

14
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LoD 4
LoD 2
ClearanceSpace
FullTunnelSpace
RS ServiceSpace
TrackSpace
FloorSpace
LoD 5
LOD 3 Segment
Traffic Light
AnnularGapSpace Walkway
LiningSpace Floor Concrete
InteriorSpace Trackbed Concrete

Figure 4 - Representations of different LoDs of a CSG model*2.
Source: [Borrmann et al., 2012]

Other data models also work with generalization levels. Even in conventional map appli-
cations different objects are highlighted or displaced depending on the zoom level or
chart scale. For models that are developed based on simplicial complexes, it is possible
to change the LoD by the use of particular methods, e.g. progressive meshes [Hoppe,
1996]. The model of simplicial complexes is introduced in Section 2.2. The idea of pro-
gressive meshes will be taken up again in Chapter 3.3.

Topology

Another important property of spatial and spatio-temporal data are topological relation-
ships, e.g. neighbourhood relationships between geometric primitives. Often those prim-
itives are not explicitly managed within a data model and have to be calculated on-the-
fly if required. If there are such information available, e.g. about adjacent polygons, top-
ological questions can be resolved. There are also data models that are specialized in
topological issues and the management of topological information. A common example
from geological modelling is the use of generalized maps (g-maps) [Lienhardt, 1991],
[Lévy, 2000]. Due to a data structure of so-called darts, it is possible to use simple algo-
rithms for processing such data. The g-maps are also useful for handling spatio-temporal
data and have advantages for different request types in comparison with conventional
data models [Butwilowski, 2015].

12 LoD 1 corresponds to the line, which is represented in LoD 2.
15



Fundamentals and Related Work

2.2 Simplices and D-Simplicial Complexes

The development of 3D models can be distinguished into different approaches. As part
of working with computer-aided design (CAD) software primitive constructive solid geom-
etry (CSG) solids are used to construct 3D objects. These include, e.g. vehicles, engines or
other artificial objects. However, in the case of natural forms it is most common to use
the model of simplicial complexes, in particular for soil layers or any kind of natural sur-
faces [Mallet, 2002].

A simplicial complex is constructed by the combination of simplices. A d-simplex is the
minimal object within the respective spatial dimension d. A formal definition is given by
[Penninga, 2008]:

Definition 1 - Simplices

A d-simplex is the smallest convex set in Euclidian space R™ with d < m, containing
d+ 1 points vy, ..., vd that do not lie in a hyperplane of dimension less than d.

Simplices in R® that are suitable for the modelling of natural forms are illustrated in Figure
5.

@
0-simplex 1-simplex 2-simplex 3-simplex
(Point) (Segment) (Triangle) (Tetrahedron)

Figure 5 — D-simplices of dimension d € {0,1,2,3}.

The use of simplicial complexes as a spatial data model was formally introduced by
Egenhofer et al. A simplicial complex describes the composition of several simplices to a
complex with the following properties [Egenhofer et al., 1990]:

A simplicial complex is a (finite) collection of simplices and their faces. If the intersection
between two simplices of this collection is not empty, then the intersection is a simplex
which is a face of both simplices. The dimension of a complex C is taken to be the largest
dimension of the simplices of C.
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Egenhofer et al. describe the model of simplicial complexes as a topological data model,
which is suitable for the management of spatial data. The generic model was initially de-
scribed for the use within a 2D space. Later Balovnev among others used this model also
in 3D space [Alms et al., 1998].

Breunig defined faces of simplices and simplicial complexes for arbitrary dimensions as
follows [Breunig, 2001]:

Definition 2 — Face of a simplex and simplicial complexes
Let P be a set of (d+1) affine independent points.

Let conv(P) be the convex hull of P and P'cP. Then S := conv(P) is called a
d-dimensional simplex and conv(/P") is a face of S. The set of all faces of a simplex is
called face(S).

A set C of simplices is called simplicial complex, if

1. For each se C: face(s)< C
2.s1Ns2 #@ - s1ns2 eC

D-simplices are the simplest way to span a plane in the respective dimension d. The ad-
vantages of this model include the benefit to develop simple algorithms for geometric
operations. Figure 6 shows two examples of simplicial complexes.

simplicial complex a simplicial complex b

Figure 6 - Two examples of a simplicial complex.

[Worboys, 1992] proposes the term of a d-simplicial complex whereas all simplices of a
simplicial complex are of the same dimension d. This follows the observation that the
modelling of natural objects in most cases consist of simplices of just one dimension
which form such a d-simplicial complex [Bar, 2007]. For instance, a 2-simplicial complex
is a simplicial complex that consists exclusively of 2-simplices. In this thesis such d-simpli-
cial complexes located in a three-dimensional Euclidean space are referred to as
3D model.

17
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Based on these considerations [Worboys, 1992] developed an object model for an adap-
tion of such data structures into a geodatabase. His object-oriented approach will be re-
visited in Section 2.4.

According to [Egenhofer et al., 1990] the properties of d-simplicial complexes include the
following axioms, which are referred to as completeness axioms:

e completeness of incidence: the intersection of two d-simplices is either empty or a
face of both simplices.
e completeness of inclusion: every d-simplex is a face of a (d+1)-simplex.

Thus the composition of a simplicial complex is examined in detail. D-simplices can share
border regions which consist of (d-1)-simplices, i.e. corresponding to the case of two ad-
jacent 2-simplices there exist only one shared 1-simplex, cf. Figure 7.

2-simplex

<] 1-simplex

2-simplex

Figure 7 - Two simplices that share a segment and form a simplicial complex.

The model of simplicial complexes forms the foundation for the spatio-temporal data
model of this thesis. Therefore, in the following section the concept of time is introduced
in the context of spatial data. The model of d-simplicial complexes for spatio-temporal
data is subsequently presented in detail in Section 2.3.1.

2.3 Spatio-Temporal Data

In this section various data models for the modelling of spatio-temporal data are pre-
sented and discussed. This begins by outlining the concept of time within this context.
Subsequently, various concepts are presented, which can be generally applied for the
management of spatio-temporal data and are irrespective of the spatial dimension or
representation. Thereby, references to the processing of such data in a DBMS are made
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repeatedly. In Section 2.3.1 spatio-temporal data is described on the basis of simplicial
complexes in 3D space.

In most cases spatial information describe a specific temporal condition. Conventional
map applications, for instance, often describe the current status (at the time of prepara-
tion) of a certain region (e.g. the black forest) in a certain aspect (e.g. hiking map). But
when modelling time-continuous phenomena (e.g. the development of Dubai within the
last 50 years), time needs to be introduced as a new dimension and handled accordingly.
Depending on the application there are significant differences in the handling of time.

For many applications, the data is located in 2D space and is based on points, lines and
polygons that are expanded to include a temporal component [Glting and Schneider,
2005]. This model can be used to describe changes in conventional 2D map applications.
For instance, such a model can be used to model the traffic of cars within a city.

But there are also several applications in 3D space where temporal changes need to be
modelled accordingly. For instance, geological changes are modelled in continuous pro-
cesses. However, when modelling the development of buildings or entire cities, discrete
changes are in the focus of interest and have to be specified accordingly [Oosterom and
Stoter, 2010].

Among others [Worboys, 1994a], [Guting and Schneider, 2005] studied the handling of
time within spatio-temporal data. There are also studies on purely temporal database
systems [Snodgrass, 1987], [Jensen et al., 1992]. However, according to [Roddick et al.,
2004], the research field of generic, purely temporal data models is almost completely
covered.

Referring to spatio-temporal data, the handling of time highly dependents on the data
itself. Therefore, based on earlier definitions from the database community, [Worboys,
1994a] proposes to divide time into two separated dimensions: transaction time and valid
time'3. The transaction time describes the date of adding the data into an information
system, whereas the valid time describes the time of the event, which is represented by
the data.

Specific applications may add additional requirements to the management of time. It
might be of interest, e.g. for construction projects to differentiate between a planning
time and a realization time. In such a case the time is also managed in two separated

13 Worboys uses both terms: database and event time [Worboys, 1994a] as well as trans-
action and valid time in [Worboys and Duckham, 2004]. In the following the latter are
used.
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dimensions. One to reflect the planning of structures and another to reflect the progress
of construction. The handling of these issues is part of the DFG research project "3D-
Tracks" [Breunig et al., 2011]. [Menninghaus et al., 2016] developed a spatial index which
is based on the B*-tree to efficiently manage the two temporal dimensions in combination
with the spatial data. An example of spatio-temporal data with two different temporal
dimensions is shown in Figure 8.

A | planning time: t,

version t,=2 tramway rerouting  tunnel drilling machine
station %

tramway

tunnel, station
tramway

t,=0

S
2

realization time: t;

Figure 8 - Representation of the two temporal dimensions "planning time" and "realiza-
tion time" based on test data of Karlsruhe, Germany.
Source: Andreas Thomsen, KIT (DFG research group "3DTracks")

Another important aspect of handling time is the treatment of time intervals. [Allen, 1984]
specified various relationships of temporal events which were used by [Breunig, 2001] in
the context of spatio-temporal data management. As a result, 6 important relations be-
tween two time intervals ta and ts were highlighted, cf. Figure 9.
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Figure 9 - Temporal topological relationships between two time intervals ta and ts.
Source: [Breunig, 2001]

On closer inspection of spatio-temporal data transformation, geometry, topology and at-
tribute values can change in the course of time. Referring to such data, [Abraham and
Roddick, 1999] describe 8 different states of temporal change, cf. Figure 10.

Change in Change in Change in
Geometry Topology Attribute
Change in Geo-
Geometry, «—  Referenced |+  No Change
Topology & Object
Attribute
Change in Change in Change in
Topology & Geometry & Topology &
Attribute Attribute Geometry

Figure 10 - Different states of temporal change based on a spatial object.
Source: [Abraham and Roddick, 1999]

[Breunig, 2001] comes to the conclusion that for geoscientific applications two different
cases should be considered:

1.Time per attribute: various temporal changes of individual attributes of an object,
e.g. the geometry of the object.
2.Time per object: temporal changes of the entire object including attributive data.

In the first case the geometry and other attributive data both have their own temporal
function. In the second case, there is only one temporal function which is applied to all
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the different data types of the object. [Breunig, 2001] proposes to separate the changes
in geometry and topology from the changes of thematic or semantic data.

Specific geographic information systems, so-called temporal geographic information sys-
tems (TGIS) were developed for the handling and preparation of spatio-temporal data.
Such systems are called spatio-temporal geoscience information systems (TGSIS) if the
processed data are of geoscientific origin [Le, 2014]. TGSIS focus primarily on objects that
are composed of d-simplicial complexes and describe continuous phenomena. This topic
is subject of the following section.

2.3.1  Simplicial Complexes

As mentioned in Section 2.2 the model of simplicial complexes is frequently used in the
context of geoscientific applications for the modelling of natural objects and, in particu-
lar, soil subsurfaces and all kinds of irregular surfaces. In most cases these objects are
composed of d-simplicial complexes, i.e. the elements of the complexes are all from the
same dimension d [Bar, 2007]. Such models are developed with the help of geoscientific
modelling tools such as GOCAD or GeoModeller.

If a continuous process is modelled, the spatial dimension is extended by the dimension
of time. This section discusses the specific characteristics of spatio-temporal data that is
managed by d-simplicial complexes. Thereby it is assumed that the spatial part of the data
is located in a three-dimensional Euclidean space.

Different data management concepts have been developed with the target to manage
objects based on simplicial complexes in a geodatabase. [Breunig, 2001], [Siebeck, 2003],
[Worboys and Duckham, 2004], and [Le, 2014] give a useful introduction to this subject.

The process of modelling the continuous change of geoscientific objects must be ad-
dressed in an appropriate data model. Such a spatio-temporal object is from now on re-
ferred to as 4D object or 4D model and consists of several 3D models representing indi-
vidual time steps:

m (ta) = 3D model for time step t

Mn := m (tn) X {ta}

m (ta) + m (tn+1) := Mau Mn+1

4D model m= UpenyMn = Dpen M ()

An example of such a 4D model is shown in Figure 11. This approach for the composition
of spatio-temporal data is referred to as snapshot model [Langran and Chrisman, 1988],
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[Renolen, 1997]. In this case time is regarded as continuous and is dedicated to the valid
time [Le et al., 2013].

. >
1 2 Time steps

Figure 11 - 4D model composed of three 3D models which represent different time steps.

The following list describes the functionality that need to be covered by a data manage-
ment model for such 4D models:

e Ability to compose a 4D model based on 3D models that correspond to different
snapshots within the time series of the 4D model.

e Ability to extend the time series of an existing 4D model.

e Ability to query a specific state of a 4D model for a specific time & € [tstart, fend].

[Worboys, 1994a] introduces the term ST-simplex for spatio-temporal simplex and thus
describes a simplex that is a bi-temporal object for a transaction time and a valid time
interval. He also defines the term ST-complex, which describes a collection of ST-sim-
plices. Referring to Worboys such ST-complexes are subject to the following constraints:

1. All spatial projections of constituent ST-simplices must be distinct.
2. The spatial projections of constituent ST-simplices must form a simplicial complex.

3. Any face of a ST-complex must have at least as much temporal referencing as its
parent.

Figure 12 illustrates a ST-simplicial complex that consists of 2-simplices.
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Figure 12 - ST-Simplex for three time steps.
Source: [Rolfs, 2005]

Continuous natural phenomena can be modelled by ST-simplices or ST-simplicial com-
plexes, respectively. [Breunig, 2001] describes the changes of such objects over time and
demonstrates three different stages:

e 4D with constant topology: continuously changing geometry in time.
e 4D with constant geometry: continuously changing topology in time.
e 4D without restrictions: continuously changing geometry and topology in time.

Examples of different forms in geometry and topology together with the description of
various properties like the equality of ST-objects can be found in [Breunig, 2001]. In addi-
tion to a spatial part, spatio-temporal models can consist of thematic, semantic and meta-
data that need to be handled accordingly.

2.3.2 Data Model Used within this Thesis

This section defines additional terms that are relevant for this thesis. The thesis at hand
deals exclusively with spatio-temporal data that is located in a three-dimensional Euclid-
ean space and is based on the model of d-simplicial complexes with d € {0,1,2,3}, cf. Sec-
tion 2.2.

In this thesis the following terms are treated synonymously:
O-simplicial complex = point cloud = 0D-net
1-simplicial complex = segment net = 1D-net
2-simplicial complex = triangle net = 2D-net

3-simplicial complex = tetrahedron net = 3D-net
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Based on this, continuous phenomena can be modelled by the consolidation of 3D mod-
els. Each model corresponds to a single time step of a 4D model and consists of a d-sim-
plicial complex, cf. snapshot model described in Section 2.3.1. Such time series are used
to model geological phenomena, such as the continuous change of soil subsurfaces. An-
other example is the modelling of the transformation of surfaces, such as a landfill site.

In this data model time is treated as linear time. Therefore, time moves in one direction
and has no branches or loops. The net topology, i.e. the mesh of a d-simplicial complex,
might change between two consecutive time steps. Therefore, also major changes of the
shape of 4D objects can be handled appropriately.

During the modelling of continuous changes of natural forms, parts of a certain region
sometimes change more quickly than others. A good example for this is a mountain mass
of which a partial region is under intense observation because of a particular volatile
movement in that region. Figure 13 illustrates an exemplary monitoring of a region with
such different volatile partial regions.

Figure 13 - Region with different volatile partial regions: purple = rapid movement, light
green = slow movement.
Source: [Butwilowski, 2015]

Such structures need to be handled accordingly by a data management model. Each sub-
region represents one contiguous region with a common temporal discretization. The
concept of net components with different temporal discretizations will be introduced in
Chapter 3.2.
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This thesis focuses mainly on the geometry of spatio-temporal data, but semantic and
thematic data are also significant matters when modelling natural phenomena. During
the examination of 4D models the following characteristics are observed:

e A 4D model consists of multiple time steps. Each represents the observed phenom-
enon at a specific point in time.

e Individual time steps are realized by the use of d-simplicial complexes.

e The temporal discretization of the model might be separated into multiple partial
regions.

e Semantic or thematic data might be available and must be handled accordingly.

e The net topology might change during two consecutive time steps.

A list of requirements on a data management model for such spatio-temporal data is
presented in Chapter 3.

Topological information

In the data management model to be developed later in this thesis, the topological infor-
mation consist of the composition of single net elements, i.e. simplices and adjacent net
elements within a simplicial complex. A single net element of a d-simplicial complex has
up to d+1 adjacent net elements for d € {1,2,3}. Within the data model of this thesis a
O-simplicial complex has no neighbour information. Individual d-simplices optionally con-
sist of d+1 links to primitives containing the geometry and semantic or thematic infor-
mation for its (d-1)-faces. The simplices of every dimension, together with their incidence
relationships form the incidence model [Ohori et al., 2015]. Such primitives are referred
to as construction elements within this thesis. An overview of the topological information
of the data model is illustrated in Figure 14.
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Figure 14 - D-simplices with construction elements and adjacent net elements.

2.4 Spatial and Spatio-Temporal Databases

In a database, manageable data consist of entities, i.e. distinguishable objects. These can
be related to each other. Due to this structure the entity-relationship model is often used
for the modelling of relational databases [Chen, 1976]. Entities and their relationships are
mapped into a data model, which is subsequently incorporated into a DBMS.

A database has to meet several requirements. First of all, it must be possible to convert
existing data into the data model of the database. The data must be clearly distinguisha-
ble and be prepared for various queries. The relationship of the individual entities with
one another must be mapped accordingly. Afterwards, large amounts of data can be pro-
vided to multiple clients simultaneously. Data can be queried, modified, and new data
can be added to the database. Depending on the capabilities of the database, routines
for further processing of the data can be accessed and invoked.
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Requirements for 2D and 3D geodatabases

Similar to conventional databases, the core of a geodatabase is the data model on which
the spatial data is mapped. Such a data model is highly related to the particular applica-
tion [Peuquet, 1984].

[GUting, 1994] describes general properties of a DBMS for spatial data as follows:

1. A spatial database system is a database system.

2. The data model and query language offer spatial data types.

3. It supports spatial data types in its implementation, providing at least spatial in-
dexing and efficient algorithms for a spatial join.

This definition of a spatial DBMS is based on the collaboration with 2D geoinformation
systems (GIS). In particular, the third item describes a standard functionality of conven-
tional 2D GIS and does not concern the processing of 3D models that have their origin in
geoscientific applications [Mallet, 2002].

In such applications neighbourhood information and the preservation of such topological
attributes during the processing of the data is more likely to be in the focus. Also the
handling of thematic-, semantic- and meta-data plays an important role when managing
3D or 4D data. Another important aspect is the availability of operations and the data
itself via Web services.

Spatial and spatio-temporal databases face the challenge to map such information and
meet these requirements. Referring to spatio-temporal databases, they can be divided
into two distinct categories [Worboys and Duckham, 2004]: does the data model allow
continuous changes, e.g. volcano monitoring, soil movements, etc., or movements such
as cars or pedestrians? For the latter, a so-called moving-objects-database (MOD) can be
used which is suitable for live applications [Wolfson et al., 2002]. This thesis deals exclu-
sively with the first category.

When managing spatio-temporal data that describe a continuous movement in terms of
the first category, there are similar requirements in comparison with spatial databases.
But according to [Abraham and Roddick, 1999] new issues and problems arise when add-
ing time as a new component. Thus, the following list summarizes challenges for spatio-
temporal databases:

e Handling of large amounts of data, especially when dealing with data in 3D space.
e Simultaneous administration of geometry, topology and semantic data.

e Handling the complexity of 2.5D, 2.8D and 3D models + time.

e Dealing with different versions and histories.
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e Distinction of planning processes (time = discrete) and geoscientific processes (time
= continuous).

e Support of a large variety of client applications.
These challenges lead to the following requirements of spatio-temporal databases:

e Efficient storage of huge amounts of data, especially in 3D space.

Facilities to handle the complex structure of 4D models.

Ability to answer diverse spatial and spatio-temporal queries.

Spatial- and/or spatio-temporal-operations on these data types shall be available.

Facilities to manage temporal transitions of geometry (e.g. location, coordinates)
and topology (e.g. discretization) of objects over time.
e Providing the data via a network interface as generic as possible.

It is proposed by [Abraham and Roddick, 1599] to develop specific data structures as part
of a new and innovative model for the efficient management of spatio-temporal data.

Generally, the particular data model should be in the focus of development, since no so-
lution can be developed that will simultaneously satisfy all requirements of different data
models. This is especially true when the data models differ remarkably, such as CityGML
and d-simplicial complexes.

2.4.1  Architectures

Referring to the prior work about the management of spatio-temporal data in spatio-
temporal databases (STDB), there are various concepts which address parts of the dis-
cussed issues. A diversified overview of spatial-temporal databases based on different
spatio-temporal data models is available in [Abraham and Roddick, 1999] and [Pelekis et
al., 2004].

This thesis focuses on spatio-temporal DBMS for managing d-simplicial complexes, which
change over time, cf. Section 2.3.1. There are different ways to manage these snapshots
while avoiding the storage of redundant information. One popular approach is the use of
a differential mode to calculate a specific time step with the help of deltas and an initial
model [Abraham and Roddick, 1999]. This idea will be picked up again in Chapter 3.5.
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Schiben et al. developed an approach for a spatio-temporal DBMS that is based on the
object-relational geodatabase PostGIS! [Le et al., 2013], [Le et al., 2014], [Le, 2014], [Ga-
briel et al., 2015]. This approach is capable of handling spatio-temporal data based on the
snapshot model and is highly related to the 3D modelling software GOCAD.

The geodatabase architecture DB4GeO is realized as an object-oriented approach [Thom-
senetal., 2008], [Breunig et al., 2010]. Both approaches focus mainly on the management
of 3D models, but also manage the composition and storage of simple 4D models.

Object-oriented approach

The focus on an object-based spatial data model, compared to field-based, is not neces-
sarily preceded by an object-oriented implementation. However, [Worboys, 1994b] notes
that for the management of spatial data the object-oriented approach is superior to the
relational or object-relational approach. This is i.a. due to the complex and widely rami-
fied structure of spatio-temporal data [Shekhar et al., 1997].

Among others, [Worboys, 1992] describes the advantages of the object-oriented ap-
proach in the context of simplicial complexes. Breunig compares relational with object-
oriented databases in the context of mapping spatio-temporal data. As well as Worboys
he comes to the conclusion that object-oriented DBMS are superior to relational DBMS,
which is particularly related to the following properties [Breunig, 2001]:

e The ability to model spatial and non-spatial data within a unified data model.
e 1:1 mapping between database types and user-defined data types.

Representation of the objects behaviour.

Inheritance.

Polymorphism.

Pelekis supplemented this assessment and points out the following advantages of an ob-
ject-oriented approach [Pelekis et al., 2004]:

A single object represents the entire history of an entity.

Simple queries.

Efficient temporal data handling.

Uniform treatment of spatial and temporal data.

14 PostGIS — an open source geodatabase, based on the object-relational DBMS Post-
greSQL.
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DB4GeO

DB4GeO [Breunig et al., 2009], [Breunig et al., 2010] has its roots in GeoStore, an infor-
mation system for managing geologically defined geometries [Alms et al., 1998], [Bode et
al., 1994], and in GeoToolKit [Balovnev et al., 2004] which were both developed at the
University of Bonn within the scope of the Collaborative Research Center 350 [SFB350].
The primary focus of the development is on the management of spatial data, which is
based on simplicial complexes. From the very beginning there was a strong focus on the
communication with geological and geophysical 3D modelling tools [Breunig et al., 2000]
such as GOCAD or IGMAS [Gotze and Lahmeyer, 1988], [Schmidt and Gotze, 1998]. The
models that were handled by GeoStore and GeoToolKit mainly represented the structure
of the Lower Rhine Basin [Alms et al., 1998].

While the two predecessors GeoStore and GeoToolKit were developed in the program-
ming language C and C++, DB4GeO has been completely developed in Java. A historical
overview of the development of DB4GeO is shown in Table 3.

Table 3 - Historical overview of DB4GeO

Time of Name of the Programming Innovation
development Software Language
1994 GeoStore C First approach of a 3D geodatabase
based on a relational DBMS.
1997 GeoToolKit C++ Upgrade to a self-developed object-ori-
and ented solution: GeoToolKit library
GeoStore
1997 GeoToolKit C++ First spatio-temporal data model
1999 GeoToolKit C++ Extension by a Delta Storage concept.
2002 DB3D Java Re-implementation of the geodatabase
in Java.
2005 DB3D Java Implementation of a spatio-temporal
data model based on ST-simplices.
2007 DB4GeO Java Exchange of the database kernel from

ObjectStore to db4o. First REST-based
Web services.

2010 DB4GeO Java Implementation of a spatio-temporal
data model for 2-simplicial complexes
based on Point Tubes.

The structure of the spatio-temporal database architecture is presented in [Breunig et al.,
2010]. It was developed by the use of multiple layers, which depend on each other and
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fulfil different tasks. An overview of the structure of the 3D/4D geodatabase architecture
DB4GeO is shown in Figure 15.

Applications

GIS clients Mobile clients

| Service infrastructure

Version
management

3D/4D Geo-database

Object model

Operations

Geometry Spatial access
library structures

OODBMS

Figure 15 — Structure of the 3D/4D geodatabase architecture DB4GeO.
Source: [Breunig et al., 2009]

The object-oriented DBMS db4o [Paterson et al., 2006] handles the persistent data and
forms the basis of DB4GeO. On this, a geometry library was built which provides basic 3D
geometries. Here the model of d-simplicial complexes is supported. There are spatial ac-
cess structures available, e.g. the R*-Tree [Beckmann et al., 1990] for an accelerated ac-
cess to the spatial data. Furthermore, DB4GeO provides an object management, spatial
operations, as well as a version management. Spatial data can be queried via a service
infrastructure [Breunig et al., 2013b].

[Rolfs, 2005] developed a 4D model to add a support for spatio-temporal data. This model
provides the ability to manage time series that consist of simplicial complexes. The devel-
opment was a first attempt to handle 4D objects in DB4GeO. Therefore, the model lacks
some important features and has the following drawbacks:

e Once inserted a time series cannot be extended.
e The topology of a 4D object cannot change between consecutive time steps.
e The vertices of an object are stored redundantly at every net element.
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e The temporal discretization of a 4D object must be uniform within the entire net.

The 3D kernel of DB4GeO provides a good basis for an implementation of the of spatio-
temporal data management model that is part of the outcome of this thesis.

Additional functionality (spatio-temporal operations and access methods)

The management of spatio-temporal data in a spatio-temporal database does not stop at
the pure mapping and storing of the geometry itself. So there are other tasks such as the
construction of spatial and spatio-temporal indices, providing spatio-temporal operations
or visualization, which must be met by a spatio-temporal DBMS [Abraham and Roddick,
1999].

Especially, the development of various spatial access methods (SAM) and spatio-temporal
access methods (STAM) represents an important component of a spatio-temporal DBMS,
as they accelerate the access to the data significantly. A good entry point to this research
field also for multiple time dimensions can be found in [Menninghaus et al., 2016].

2.5 Web Service Fundamentals

The dissemination of data via a network interface is the primary task of a Web service.
Furthermore, some Web services offer capabilities to alter existing data and to integrate
new data into a system. The invocation of operations is another task that can be handled
by a Web service. Geodata should be accessible via the Internet to work, e.g. on distrib-
uted systems or with multiple clients on a shared database. From the perspective of client
applications, such data infrastructures usually act like a central system. Internally, the
data is often stored redundantly and in several separated locations to avoid data loss and
gain performance [Ramakrishnan and Gehrke, 2002].

Currently, there are no Web services standards available that focus on spatio-temporal
data based on the model of d-simplicial complexes. However, there are some previous
achievements in the field of Web services in general and also Web services, which are
specialized on spatial data.

In the following basic terms and general concepts for the exchange of data via a network
interface are introduced. Subsequently, two Web services standards of the OGC are de-
scribed: the Web Feature Service and the Web Processing Service. Both were developed
for the exchange of spatial data and for the invocation of analysis functions on spatial
data, respectively.
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The following terms are used within this thesis when referring to the structure of Web

services:

URL

A Hostname (e.g. kit.com) and path (e.g. /departments/index.html) that specifies
the location of a resource.

Entity-Body

Actual content of a request, e.g. text.

Idempotence/statelessness

Each call of a specific URL always leads to the same result. Therefore, write opera-
tions (such as write, update and delete) should be avoided.

Forinstance, in the HTTP the operations GET, HEAD, PUT, DELETE and OPTIONS are
declared as idempotent. The operation POST, however is not idempotent
[Daigneau, 2011).

Resource (or representation)

A resource is everything that is clearly identifiable on the Internet, e.g. a text, an
image or a 3D model.

Focus information

XML

34

Information about the focus of the request. In most cases, it is the location of the
resource that is retrieved, or to be changed. The term was, among others, intro-
duced and used by [Richardson and Ruby, 2007]. Such information can be located
in the entity-body (e.g. SOAP Web services) or in the URL (e.g. REST-based Web
services).

Markup language that was specified by the World Wide Web Consortium (W3C) for
the exchange of data via the Internet. XML is frequently used within various Web
services that communicate with a large variety of client applications. Due to the use
of XSD schemata files, the structure of an XML file is defined. Such a schema can
then be implemented by client applications that are involved, and subsequently the
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transferred data can be validated automatically. The handling of XML data is sim-
plified by several software libraries'®. For instance, these provide a parser for the
further processing of XML data. The format is human readable and can be opened
and interpreted by a simple text editor.

Historical origin of Web Services for spatial data

A Web service being composed of several stacked layers to transport various data ad-
dressable, securely and well-regulated over a network interface forms the basis for the
exchange of geospatial data. This includes a standard for the network access: e.g. Ether-
net® which is located at the lowest level of the protocol stack. An alternative to Ethernet
is the wireless local area network?’” standard. Both network access standards can form
the basis for the Internet Protocol (IP), which is used to address data packages over a
network. Based on this, there is the Transmission Control Protocol (TCP) for the transmis-
sion of messages and packet streams. Based on this protocol stack different application
protocols are composed, which determine rules for coding the actual messages. One of
the most popular application protocols is the Hypertext Transfer Protocol (HTTP) which is
a document-based protocol designed i.a. for the transfer of web pages on the Internet.
The two main features of this protocol are addressability and statelessness, cf. [Richard-
son and Ruby, 2007]. According to [Tilkov, 2009] due to its simplicity and distribution "no
other application protocol [...] is superior to HTTP regarding to the interoperability fea-
tures". Many high level Web services are closely related to this protocol. For a more de-
tailed introduction [Richardson and Ruby, 2007] is highly recommended.

Almost all Web services for spatial data use this protocol at least as the basis for the bare
transport of the data. An overview of the protocol layers is presented in Figure 16.

15 Selected examples of XML libraries for Java: JDOM (http://www.jdom.org), Dom4;j
(http://dom4j.github.io), Xerces Java Parser (http://xerces.apache.org/xerces-j)
16 Ethernet network standard IEEE 802.3 - http://www.ieee802.org/3/
7 WLAN network standard IEEE 802.11 - http://www.ieee802.org/11/
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Layer Protocol
Application HTTP
Transport TCP
Internet IP (IPv4, IPv6)
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Figure 16 - Overview of a typical protocol stack.

Based on these fundamental protocols there are multiple approaches that are used to
develop Web services for various spatial and non-spatial applications. Popular ap-
proaches are SOAP, RPC and REST. SOAP and RPC each form an intermediate layer be-
tween the actual Web service and the communication protocols. REST on the other hand
uses the basic request methods GET, PUSH, PUT and DELETE provided by HTTP [Alonso
et al., 2004].

2.5.1 Architectures

With REST and SOAP two popular general approaches are briefly introduced. With the
Web Feature Service (WFS) and the Web Processing Service (WPS) two explicit Web ser-
vices that are specified for the handling of spatial data are presented.

Representational State Transfer

Representational State Transfer (REST) was originally developed by [Fielding, 2000] and is
a software architectural style for the transmission of data between client and server,
which is subject to specific rules and concepts. This style pays special attention to the
term stateless. Each request from a client to a server must include all information needed
for a specific request. This approach excludes the common principle of so called sessions
in which the response to requests of a client depends from information about the client.
In return, the setup of a cache'® is significantly simplified [Fielding, 2000], which can be
beneficial for Web services that handle spatio-temporal data.

18 Cache — A component that efficiently provides frequently requested data.
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The implementation of this approach is based on a certain use of the HTTP operations
GET, PUT, POST and DELETE. The four characteristics of a REST compliant services are
addressability, statelessness, connectedness and a uniform interface, which are realized
by the concepts of resources, URIs, representations and the references between the re-
sources among each other. While many Web services are technically classified as RESTful,
a Web service, which implements the true philosophy of REST is strictly resource-ori-
ented. This is the case when the focus information is located in the URI of the request
[Richardson and Ruby, 2007].

SOAP

SOAP is similar to REST an architectural style for the development of a Web service and
can be used for the exchange of geospatial data [W3C SOAP]. Compared to a Web service
that was built according to the rules of the REST approach, the focus information in a
SOAP Web service is not included in the URL, but is located in the entity-body of a request.

Most SOAP Web services are considered as RESTful from a purely technical perspective,
but for [Richardson and Ruby, 2007] these are considered as "bad" Web services, because
the handling differs massively from the "normal" Web behaviour. For instance, the HTTP
request methods GET, POST, PUT and DELETE are not used in the form they were origi-
nally intended. Using SOAP, the exchange of data as well as the invocation of operations
is subject to certain rules, which are usually described as an XML document in the entity-
body rather than guided by the request methods. In this case HTTP is just used as a pro-
tocol for the pure transportation of the data [Tilkov, 2009], while it is an inherent part of
actual REST Web services, as method and focus information is included in the HTTP re-
guest and can be processed without processing the entity-body.

With SOAP and REST there are two different architecture styles for a specific implemen-
tation of Web services, which are also described by the OGC [OGC Web Service Common]
or, in the case of REST, discussed for the application of Geoweb services®.

19 OGC RESTful Service Policy Standards Working Group - http://www.opengeospa-
tial.org/projects/groups/restfulswg
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OGC Web Feature Service

At the time of the preparation of this thesis the valid specification of the OGC Web Fea-
ture Service (WFS) standard is version 2.0. Since this version is already supported by sev-
eral client applications (e.g. QGIS?°, GeoServer?!) as well as realized in an ISO standard
(ISO 19142) this version is presented and discussed in the following.

Following the guidelines of the OGC an implementation of a WFS must be able to handle
at least three different requests [OGC WFS]:

GetCapabilities

Query of the capabilities and the existing records of the WFS. Displays general in-
formation about the WFS and of available feature types of the specific service. This
includes the attribute Serviceldentification which describes the service using pre-
defined keywords and also provides the version of the WFS specification.

Furthermore, information about ServiceProvider, Operations-Metadata, Feature-
Typelist and Filter_Capabilities are provided. The information is constituted in an
XML document.

DescribeFeatureType

Request of information about a specific feature type. Here the name, the geometry
type and any additional attributes incl. their data types are described. In conven-
tional GIS applications a feature type often corresponds to a layer.

GetfFeature

This request returns the actual data. It is possible to include various parameters to
restrict the result set. For example, to solely query all features with the attribute
material = sandstone or the feature with ID = 42. The results are often returned in
a GML format. However, other return formats are also valid.

Requests to a Web Feature Service can be queried by the use of a Key Value Pair (KVP)
encoded URL. The following URL shows a GetFeature request:

http://hostname:port/path/wfs?service=wfs&version=2.0.0&
request=GetFeature&typeNames=namespace: featuretype

20 QGIS - An open source geographic information system.
21 GeoServer - A java based open source geoserver with the capability of handling OGC
Web services requests.
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This example includes four possible parameters, but only the "SERVICE", "VERSION" and
"REQUEST" parameter are required.

Alternatively, the request can be submitted by the use of an XML document via HTTP
POST, which is sent to the server. An example of a GetCapabilities request message en-
coded in XML is:

<GetCapabilities service="WFS" xmlns="http://www.opengis.net/wfs"
xmlns:xsi="http://www.w3.0rg/2001/XMLSchema-instance"
xsi:schemalLocation="http://schemas.opengis.net/wfs/2.0/wfs.xsd"/>

The role of SOAP and REST when referring to a Web Feature Service

When sending XML requests via HTTP POST to a server, according to the OGC Web Fea-
ture Service specification, optionally the SOAP 1.2 standard can be implemented and
used. In such a case, the appropriate XML documents are embedded in the entity-body
of a SOAP envelope [OGC Web Service Common]. Therefore, SOAP is only used for the
transmission of the XML document. The server response also uses a SOAP envelope which
includes the regular XML document. Thus, SOAP is only used solely for the transport of
the data.

Furthermore, in 2011 the OGC has launched with the RESTful Service Policy Standard
Working Group (SWG REST), a working group to develop a RESTful style for OGC Web
services in general'®.

OGC Web Processing Service

The Web Processing Service provides GIS functionality in the form of various operations
and geospatial analysis functions via a Web service. They include simple geometric oper-
ations such as buffer or distance functions. These operations are related to spatial data,
which must be specified in the context of a request. The actual procedure of such an
operation takes place in the backend and is usually processed by a GIS [Neteler et al.,
2012]. The result set of the operation may vary depending on the operation itself. An
example would be a Boolean value (true/false) for an intersect query. If the result of an
operation is a geometric object, this is usually returned in a GML format. However, the
return value can be of any format.

According to the OGC, an implementation of a Web Processing Service requires at least
the following three operations [OGC WPS]:
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GetCapabilities

Query of the capabilities of the respective WPS. Displays general information about
the WPS and about available processes of the service. Such information is provided
within an XML document.

DescribeProcess

Describes a specific process of the WPS. Here, also input and output parameters
are specified.

Execute

Request of a specific process. During the request also appropriate input parameter
must be specified. The result can be returned in any format, but GML is usually used
for the description of geometries.

The specific kind of the processes that must offered by a WPS is not further defined by
the OGC. Therefore, the developer of a WPS defines his own processes accordingly. The
procedure of the actual analysis function is processed on the server side and is in many
cases forwarded to a GIS software.

Requests are handled either via GET request to a specific URL or by transmitting an XML
document to the WPS server via a POST request.

2.6  Mobile GIS and Location Based Services

In recent years, the field of mobile GIS and Location Based Services (LBS) experienced
major changes. Among other things, the development of new mobile devices and new
mobile operating systems, have strongly supported this trend. In particular, these include
the development of modern tablet computers and smartphones, which experienced a
strong growth with the introduction of the iPhone in 2007 and the mobile operating sys-
tem Android in 2008. Due to this development modern smartphones and tablets are
equipped with powerful processors and a large variety of sensors. These include sensors
such as gyroscopes, accelerometers and GNSS receiver [Chen and Guinness, 2014]. There-
fore, it is quite easy to determine the location of such a mobile device. Those conditions
and the distribution of these devices in a broad mass market have generated the oppor-
tunity for an intensive research in this field, cf. [Shi et al., 2009], [Li and Jiang, 2011], [Meek
et al., 2013], [Milanes et al., 2014], [Shitkova et al., 2015].
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There are plenty of LBS applications available in different commercial application markets
for smartphones and tablets. Most of them respond to database queries such as "Where
is the next supermarket, cinema, bar or hotel?". Regularly they provide additional infor-
mation about how to get there by giving direction instructions and a matching path on a
map. There are several examples of research application developments such as Hotel-
Finder and BarFinder [Rinner et al., 2005]. These LBS are developed to answer location
based queries and provide the user location based decision support. Therefore, they use
GIS analytic functions, spatial queries and map visualization techniques. [Raubal, 2011]
describes how these applications affect the mobile life of its users. Another LBS applica-
tion that is based on Android was developed by [Kang et al., 2015]. It focuses on a simple
development approach for an application about the locations of classrooms.

In addition to popular LBS applications the group of mobile GIS primarily targets profes-
sional users. As well as conventional desktop GIS, mobile GIS offer tools for the collection,
presentation and analysis of spatial and spatio-temporal data. They have been developed
in several variations [Frank et al., 2004], [Menninghaus, 2010], [Deininger, 2012], [Kuper
et al., 2014], [Zajickova, 2015], [Han et al., 2015]. Each solution has its own advantages
and there is a rapid development of new solutions. One important aspect for mobile (GIS)
applications is a suitable user interface. [Raubal and Panov, 2009] describe a formal con-
ceptual model for an automatic mobile map adaptation which is supposed to reduce the
cognitive load for the user of such applications. An abstract model called Adaptation
Model to reduce the amount of information visible to the user at a particular time was
established. Rinner et al. presented a first approach of a suitable user interface for mobile
GIS [Rinner et al., 2005], [Rinner, 2008].

[Doyle et al., 2010] examined the advantages of using multi-modal interfaces for mobile
GIS. As a result, the mobile GIS application CoMPASS (Combining Mobile Personalized
Applications with Spatial Services) uses a multi-modal interface to provide an intuitive
way of interacting with a mobile GIS. This was achieved by the use of voice recognition
and gestures rather than a keyboard and/or a pen. One of the addressed problems was
the restricted display resolution and the sensitivity of the user interface for touch events.
MAPDD is a modern mobile application that was particularly developed for surveying ge-
odata on public transport [Zajickova, 2015].

There are also professional solutions for mobile GIS developed by ESRI, Disy, and GeoTech
Systems called ArcGIS for Mobile, Cadenza Mobile, and GeoTechMobile, respectively, cf.
Figure 17.
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Cadenza Mobile ArcGIS for Mobile GeoTechMobile
Figure 17 — Selection of recent mobile GIS applications.

In most cases current mobile GIS and LBS applications work with 2D data, but there are
also prototypical implementations available for 3D data [Dittrich, 2012], [Urban et al.,,
2013]. Such applications are subject of ongoing research [Runder Tisch GIS e.V., 2014].
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3 A Comprehensive Data Management
Model for Spatio-Temporal Data

Within this chapter a data management model is developed that optimizes the handling
and storage of spatio-temporal data. The structure of the model is subdivided into five
separate concepts, which are part of Sections 3.1 to 3.5. Within these sections, the ad-
justments of the respective concepts for the handling of d-simplicial complexes with di-
mensions d € {0,1,2,3} are described in detail. Subsequently, the consolidation of the in-
dividual concepts into a comprehensive data management model is presented in Section
3.6. This includes a technical realization and a detailed description of the internal data
structure. The effects of the consolidation and potential limitations are discussed in Sec-
tion 3.7.

For the modelling of continuous phenomena, huge amounts of spatio-temporal data are
generated. A 3D model that represent a single time step of a 4D model usually consists
of more than 100.000 net elements [Hu et al., 2010], [Xing et al., 2015]. Since a 4D model
consists of multiple of such time steps, there are high demands on the storage capacities,
cf. Chapter 2.3. Operations such as translations, interpolations or intersections between
models, require lots of computing power and need particular hardware. For these rea-
sons, it is necessary to avoid redundant calculations. The requirement of storage capacity
must be kept low in order to relieve the storage medium itself, but also to accelerate
retrieval requests and the transfer of data. An appropriate data management model must
relate to such issues. The following list summarizes the requirements of such a data man-
agement model:

List 1 - Requirements of a model for the management of spatio-temporal data

Support of various spatio-temporal applications.

Optimization of calculation processes and avoidance of unnecessary operations.

Optimization of storage demands.

Foundation for the implementation of advanced spatio-temporal analysis func-
tions.

Linking of individual 3D discrete time steps into a continuous 4D model (3D + time).

Option for an interpolation between time steps.

Option for a differentiated storage of thematic or semantic information on geomet-
ric primitives.

Handling of transitions of the net topology between time steps.
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Five concepts are presented to meet these requirements. The model is based on various
prior work, which is partly used in diverse spatio-temporal databases, cf. Chapter 2.4.
Three of the five concepts primarily deal with the optimization of geometric information
of a 4D model. Such information includes:

e The coordinates of vertices, particularly over time.

e The net topology (meshing) of the respective net, particularly over time.

e The management of additional thematic or semantic information that are related
to construction elements.

The Point Tube concept separates the net topology from the vertices of a d-simplicial
complex [Kuper, 2010], [Breunig et al., 2013a], [Breunig et al., 2016]. These vertices are
managed in so-called Point Tubes, a special time dependent data structure. This concept
is part of Section 3.1. Its impact on different net dimensions is described in detail.

When continuous movements of structures are modelled within a 4D model, subregions
might behave more volatile than others. To satisfy such a process within a data manage-
ment model, so called net components are introduced in Section 3.2. Due to this concept
a division of 4D models in subregions with different temporal resolutions (i.e. discretiza-
tion of time steps, cf. Chapter 2.3.2) are modelled appropriately.

A special occurrence in the management of 4D models, which are composed of individual
time steps, is a change of the net topology, i.e. the meshing of the model. Such a change
occurs, for instance, when the model is developed anew for a given time step [Lautenbach
and Berlekamp, 2002]. Sometimes the mesh is refined in order to reflect certain aspects
of changes. In Section 3.3 a concept is presented that is based on the ideas of [Polthier
and Rumpf, 1994] and is capable of handling such net topology changes the by the use of
pre- and post-objects.

Referring to geoscientific applications, the management of thematic and semantic data
is as important as the management of geometric and topological data. Therefore, a data
management model should avoid any restrictions in that matter. For this reason, in Sec-
tion 3.4 a concept is introduced that enables the potential to store thematic or semantic
data at various locations: at net elements (i.e. 0-3D-simplices) of nD-nets as well as at
construction elements??. Thereby a maximum of flexibility is ensured.

22 1-2D-simplices, depending on net dimension.
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In Section 3.5 the Delta Storage concept is introduced at which successive time steps are
examined for similarities to reuse such parts across multiple time steps. This concept is
i.a. based on prior work by [Strathoff, 1999] and [Siebeck, 2003].

Some of the sub-concepts have already been applied on d-simplicial complexes of specific
dimensions. In such a case, the respective concepts are extended and the adjustments
and effects for an arbitrary dimension d € {0,1,2,3} are described. An overview of the data
management model, which consists of five parts is shown in Figure 18.

Point Tube
concept
Handling of
various Delta Storage
temporal concept
discretizatiol Sp ati o-
temporal data
management

Exh ‘ Handling of

storage of f
construction dtfeorf: ti::t
elements poiog

Figure 18 — Data management model for spatio-temporal data composed of five sub-con-
cepts.

The consolidation of the five sub-concepts into a comprehensive model is described in
detail within Section 3.6. This includes a description of the interaction of the concepts
with one another and also the particular implication and effects of each concept within
the consolidation. Subsequently, a comprehensive data management model is developed
as a result of this union. It is analyzed if all the identified needs are met accordingly, cf.
List 1. It must be ensured that certain constraints and conditions are met or specified,
respectively. Such constraints are described and discussed in Section 3.7.1. The result
forms the foundation for the implementation of the data management model which is
part of Chapter 5.3.

Finally, the impact and benefits as well as potential problems and limitations of the model
are presented and discussed in Section 3.7.
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3.1 Point Tube Concept

The spatio-temporal data management model of this thesis describes the data handling
for continuous processes, e.g. a continuous movement, cf. Chapter 2.3.2. Referring to
[Worboys, 1994b], such a process is represented by discrete time steps. In the temporal
dimension these time steps form the support points of a 4D model, cf. Chapter 2.3. Ac-
cordingly, each time step of a 4D model is a 3D model that consists of an amount of
d-simplices which form a d-simplicial complex with d € {0,1,2,3}. Partly due to improving
recording methods such 3D models consist of vast amounts of data [Hu et al., 2010], [Xing
et al.,, 2015]. When storing or processing such data, an optimization of the performance
and the reduction of storage requirements is of fundamental importance.

A concept that addresses this problem is the Point Tube concept. The concept is based on
the completeness axioms described by [Egenhofer et al., 1990], according to which verti-
ces are unique within a simplicial complex. This fundamental idea is also used by the in-
dexed-face-set procedure which separates the management of vertices from the corre-
sponding mesh of a 3D model. The procedure is i.a. used by various common data for-
mats, such as the OBJ format and the VRML format [Carey and Bell, 1997]. This kind of
separation was used by [Siebeck, 2003] and [Le, 2014] in the context of managing spatio-
temporal data within a geodatabase.

Due to the separation of the vertices from the net topology, the following benefits occur:

1. Under certain conditions, the net topology (mesh) of a model can be reused across
multiple time steps.
2. Vertices which are used by multiple elements are stored uniquely.

Based upon this separation the vertices of a net are managed in a special data structure,
the so-called Point Tubes [Rolfs, 2005], [Kuper, 2010], [Breunig et al., 2013a], [Breunig et
al., 2016]. Thus, the movement of these vertices in space is clearly assigned and can be
tracked over time. For an appropriate response to a request of a specific time step of the
4D model, the net topology is combined with the Point Tube data structure. An appropri-
ate 3D model can be created for any point in time, once the date is within the time inter-
val of the 4D model. For this propose, the vertices for the result object are calculated by
the use of interpolation of all involved Point Tubes.

Hitherto the concept of Point Tube data structures has been studied for 4D models,
whose time steps consist of 2D-nets [Breunig et al., 2016]. As part of this thesis the con-
cept is adapted and transferred for the use with point-, segment- and tetrahedron-nets,
i.e. d-simplicial complexes with d € {0,1,3}. In the following, the details of this transfer and
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the specific impacts on the particular net dimension are described individually for each
net dimension.

Realization for OD-nets

The realization of the Point Tube concept for 4D models that are based on point clouds
(OD-nets), may not reflect benefits at first glance as savings in the storage of the data are
not expected. The information of each vertex within a point cloud must be stored and
processed individually. There is no net topology that needs to be stored and might be
reused. The individual points within a mesh cannot be used multiple times, since there is
no existing mesh connectivity. Therefore, a reduction of the storage requirements by the
multiple use of vertices is not possible. This also implies to the expectation of possible
performance benefits.

Nevertheless, the realization of the Point Tube concept for such 4D models has another
added value. Due to the use of the special data structure the following information is
implicitly available:

e the unique assignment of individual vertices across multiple time steps.

Due to the structure of a Point Tube each point is traceable unambiguously across multi-
ple time steps. As a result, the interpolation between two time steps of such a net is
clearly simplified, cf. Figure 19. This benefit exists regardless of whether the interpolation
between the individual time steps is linear, quadratic, cubic or works by another similar
procedure.
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Time step ¢, Time step t;

Point Tube structure

Point Point

P_1 XY,z @ XV, 2 O
thematic data; thematic data;
Point Point

P_8 XY, 2; G- XY, 2; @)
thematic data; thematic data;

Figure 19 - Two time steps of a Point cloud that are managed in a Point Tube data struc-
ture.

A realization of the concept of Point Tubes for point cloud based 4D models is realized as
follows:

Storing the initial model m (to) for time step to:

model m (%) = unique vertices for time step t.
Storing an additional time step m (tn+1):

model m (ta+1) = unique vertices for time step tn+1

The stored coordinates of each time step are interrelated in a Point Tube structure and
therefore uniquely assigned, cf. Figure 19. In this case, the handling of the net topology
top (ta) is omitted, since such a net topology does not exist for OD-nets.

Realization for 1D-nets

Within the data model of d-simplicial complexes, segment nets consist of connected seg-
ments. Individual segments are connected to i = {0,1,2} neighbouring segments, cf. Figure
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14. There are, e.g. no star-shaped formations. When transferring the Point Tube concept
to the handling of segment nets, the storage of redundant information is already avoided
with the first time step. Instead of storing the shared vertices of two adjacent segments
twice, such a vertex is stored uniquely and is referenced by the particular segments. A
model m (t,) for a specific time step t» managed by the Point Tube concept is composed
as follows:

model m (tn) = net topology top (to) + unique vertices for time step t.

In this case the net topology consists of (maximal) dual associated segments. For queries
of a specific state of the 4D model, the vertices, handled in Point Tube data structures,
get linked with the net topology. Another saving potential appear in the management of
time series. When adding more time steps to an initial model m (to), the Point Tube struc-
tures are extended with each time step, see Figure 20.

Conventional approach Point Tube concept

Vertices for m (t, ,,) i Vertices for m (t,,,)

Extension of Point Tubes

: -
Point : :
:r.wv. Z;t' . : O : Point :
ematic data; : E ®---- T ‘o
: thematic data; :

total: k * 2 Points total: k + 1 Point Tubes
Net topology for m (t,,,) :

T Net topology for m (t,,,,)
k ID; =
Z PointTube pt1, pt2; :
Neighbour segl, seg2; H Net tOpOlOgy Of m (tD)
1 thematic data; :

k = amount of construction elements

Figure 20 - Handling of a new time step m (tn+1) based on a 1-simplicial complex. Compari-
son of the Point Tube concept to a conventional approach.

Therefore, the following information is stored for a model m (ta+1) at a given time step

tn+1:

model m (tn+1) = net topology top (o) + unique vertices at time step
ta+1

Due to this structure, both the storage costs of the individual time steps as well as the
number of interpolation operations are reduced. Vertices used by two segments must be

49



A Comprehensive Data Management Model for Spatio-Temporal Data

stored and interpolated only once during an interpolation operation. The net topology is
applied to the result of the interpolation, and thus the interpolation process is completed.
The type of interpolation, e.g. linear, quadratic or cubic is independent of this procedure.
Again, every individual vertex of the net is traceable via all time steps of a 4D model.

Realization for 2D-nets

The triangles of a 2D-net consist of references to corresponding Point Tubes. Thus, the
vertices are used for multiple triangles. The net topology top (to) is stored for the first
timestep to of the 4D model. When adding additional time steps, the existing Point Tubes
get extended. It is not necessary to store information about the net topology, cf. Figure
21.

Conventional approach Point Tube concept
Vertices for m (¢, ,,) Vertices for m (t, ;)
o . Extension of Poinfc Tubes
:Lz;:gticdata; é :| O -f--- % o
- E thematic data; :
total: k * 3 Points i total: max. k * 2 + 1
Net topology for m (t,,,) Point Tubes
—— Net topology for m (t,,;)
L | e . Net topology of m (t,)
thematic data; .

k = amount of construction elements

Figure 21 - Handling of a new time step m (tn+1) based on a 2-simplicial complex. Compari-
son of the Point Tube concept to a conventional approach.

Due to this data structure the storage requirements of a model m (t,) for a specific time
step ta are reduced to the following information:

model m (tn) = net topology top (to) + unique vertices for time step t
Each model of a subsequent time step of this time series is stored as follows:

model m (ta+1) = net topology top (to) + unique vertices for time step

tn+ 1
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Since the information about the net topology is already present at time step t, it is re-
used, which leads to the first part of the storage reduction. The Point Tube data structures
provide the vertices, which are valid at the particular time step. The combination results
in the model m (tn+1). Figure 22 shows an example for the time steps to and t1.

Part of the model m (t,) Part of the model m (t,)

Changing vertices: t,= @ t,= @

Preservation of the net topology: t,andt,= —

Figure 22 - Obtaining the net topology over time with the concept of Point Tubes.

The second part of the storage reduction is realized due to the multiple use of vertices
within the net. Instead of storing three individual points for each triangle, the net topol-
ogy is used to detect points which are used by multiple net elements simultaneously.
Such points are handled in a unique Point Tube and are subsequently used for calcula-
tions or retrieval requests, cf. Figure 23.
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Without Point Tube concept With Point Tube concept

@ -=Single vertices @ =shared vertices
Storage Requirements l Storage Requirements
42 Vertices (id, x, y, z) 15 Vertices (id, x, v, 2)
14 Triangles (id1, id2, id3) 14 Triangles (id1, id2, id3)

Figure 23 - Use of the Point Tube concept - comparison for a triangle fan with 14 trian-
gles.

In addition to the two effects described above, the performance of several operations
and analysis functions is increased: once the vertices of individual triangles are used in a
calculation the use of corresponding Point Tubes massively reduces the amount of com-
putations. In the example shown in Figure 23 the points P1o1 to P114 of the triangle fan
are handled individually if the vertices are stored directly at the triangles. The use of the
Point Tube concept leads to a single calculation for the vertex P1o1. An important calcu-
lation is the interpolation between two time steps m (ta) and m (ta+1). In such a case all
existing vertices are interpolated. The use of Point Tube data structures accelerates such
an interpolation enormously. The uniquely stored net topology is applied to the result of
the interpolation of Point Tubes to complete the composition of the model.

In addition, this concept has a positive effect on the consistency of the net topology. In
the alternative scenario of the example in Figure 23 all 14 individual points need to be
calculated individually. This can lead to calculation errors. Such errors can produce gaps
within a triangle mesh, cf. Figure 24. This is avoided by the use of Point Tube data struc-
tures.
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Without Point Tube concept With Point Tube concept

disruption of the net topology preserving the net topology

@ -=single vertices

Figure 24 - Different handling of vertices. Left: small errors in displacement lead to a dis-
ruption of the net topology; Right: preservation of the net topology due to the Point Tube
concept.

Realization for 3D-nets

In a final step, the Point Tube concept must be transferred to 4D models whose individual
time steps consist of 3D-nets, i.e. 3-simplicial complexes.

Instead of storing four points at each individual net element (3-simplex), all vertices of
the net are stored in Point Tube data structures. Individual net elements are based on
references to these Point Tubes. The information about the net topology is managed in-
dependently from the vertices and is applied to each time step of the 4D model, as long
as the net topology does not change. By joining the vertices and the net topology, a spe-
cific state of the 4D model can be developed on-the-fly at any time.

In addition, the maintenance of the net topology is enhanced, since computational errors,
which might occur during analysis operations, do not tear off the net topology. Figure 25
illustrates the difference between a conventional approach and the Point Tube concept
for tetrahedron nets.
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Conventional approach Point Tube concept
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Figure 25 - Handling of a new time step m (tn+1) based on a 3-simplicial complex. Compari-
son of the Point Tube concept to a conventional approach.

The basic idea to separate vertices from the net topology when managing tetrahedron
nets is already beneficial for a single time step, i.e. a 3D model. Thereby the storage of
redundant information is avoided. A model m (to) at a specific time step to is managed
as follows:

model m (t) = net topology top (t) + unique vertices at time step t

If additional time steps are added to such a 4D model mthe net topology of the model is
reused across several time steps. Accordingly, only the new coordinates of the vertices
of the new time step are added to the Point Tubes. These are extended with the vertices
of the new time step. The procedure is analogous to the handling of 2D-nets. Therefore,
a model m (ta+1) of a time step th+1 consists of the following information:

model m (ta+1) = net topology top (o) + unique vertices at time step

tn+ 1

The information about the net topology top (o) is only stored initially or for any change
of the net topology and is reused in subsequent time steps. The interpolation between
two successive time steps is also simplified, since the vertices used by multiple tetrahe-
drons are handled uniquely. The net topology is applied to the result of the interpolation
of all Point Tubes, and thus the interpolation process is completed. The type of interpo-
lation whether linear, quadratic or cubic is independent of this behaviour. For every net
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dimension there are certain constraints that must be met for a correct use of the Point
Tube concept. The description of such constraints is part of Section 3.7.1.

In summary, the concept of Point Tubes was adapted and transferred without restrictions
onto all relevant dimensions of d-simplicial complexes. When managing OD-nets (point
clouds) the saving effect due to the reuse of the net topology is eliminated. Additionally,
there are no redundant information that can be reduced for OD-nets. Figure 26 shows an
overview of the internal structure of the realization of the Point Tube concept for all net

dimensions.
Point Tubes: Time step ¢, Time stept; - Time step t,
m Point Point Point :
Z XV, 2 Or--r=----- XV, 2 @~ XV, 2 @)
T thematic data; i thematic data; thematic data; :

0D-net 1D-net
Net topology:
{depends on net-dimension) Segment
k 1D;
N/A z Point Tube pt1, pt2;
Neighbour segl, seg2;
m = amount of 1 thematic data;
vertices
k = amount of 2D-net 3D-net
construction
elements Triangle Tetrahedron
. _ explicitly k ID; k ID;
~ stored z Point Tube pt1, pt2, pt3; z Point Tube pt1, pt2, pt3, pt4;
Neighbour tril, tri2, tri3; Neighbour tetral, tetra2, tetra3, tetra4;
_ 1 thematic data; 1 thematic data;
. = referenced

Figure 26 - Overview of the data structure for a realization of the Point Tube concept for
4D models.

3.2 Handling of Different Temporal Discretizations

In this thesis 4D models reflect continuous processes. Such a continuous process is real-
ized by 3D models which refer to individual time steps, cf. Chapter 2.3. Complex 4D mod-
els may consist of subregions, which have different temporal resolutions. For instance,
when modelling a continuous movement of a glacier, a sub-region is on a slippery slope.
The monitoring of such a subregion would be intensified to map the rapidly changing
movement within this particular area. Thus, the temporal resolution has increased for
this region, cf. Figure 27.
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Figure 27 - Different temporal discretizations for subregions of a 4D model.

Within the data management model the ability to handle parts of a 4D model with differ-
ent temporal resolutions must be provided in order to handle the geometric data of such
processes. This is achieved through the introduction of so-called net components [Kuper,
2010]. Therefore, contiguous regions with the same temporal resolution are summarized
within a net component. The entire 4D model is composed by a combination of all in-
volved net components. From an outside perspective, the 4D model changes continu-
ously as intermediate steps can be interpolated. For the usage of net components certain
conditions must be met:

List 2 - Conditions for the usage of net components

e Within a net component, solely the geometry changes, the net topology remains
unchanged.

e The net topology at the border regions of two adjacent net components must re-
main consistent over the entire time interval of the 4D model.

e The time interval [to, tend] of all net components of a 4D model must be uniform.

So far this concept has been studied and implemented for spatio-temporal data based on
triangle nets, i.e. 2-simplicial complexes [Kuper, 2010]. Within this thesis the concept is
transmitted to other net dimensions that are relevant for the handling of geoscientific
spatio-temporal data.

Realization for OD-nets

Since the concept of different time discretizations for subregions was initially developed
in combination with the Point Tube concept, the transfer to handle OD-nets is trivial. The
vertices of each OD-net component consist of Point Tubes that represent the temporal
resolution of the particular component, see Figure 28.
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A J
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Figure 28 - Internal structure representing the management of a OD-net, which is com-
posed of two components with different temporal resolutions.
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Since there exists no net topology, the Point Tubes from the border region of a OD-net

component can be of the same temporal resolution as the corresponding component

these points belong to. There are no overlapping regions and different net components

are completely separated from each other.

Realization for 1D-nets

The concept of different temporal discretizations for net components can be applied to

the management of 4D models that consist of 1D-nets, i.e. segment nets. If parts of such

a model have a different temporal discretization, these parts are aggregated within a new

net component. The conditions, associated with the border regions of the net compo-

nents, must also be met within this case, cf. List 2. Figure 29 shows a 1D-net that consists

of two net components nc_1 and nc_2 with different temporal resolutions.
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Figure 29 - 1D-net consisting of two net components with different temporal resolutions,
i.e. net component nc_1 with 3 time steps, net component nc_2 with 5 time steps.

Realization for 2D-nets

Beforehand, the concept of net components with different temporal discretization was
already combined with the Point Tube concept. Point Tube data structures belong to a
particular net component and share their temporal resolution.

The border regions of such net components must be handled with special attention. Oth-
erwise inconsistencies in the net topology might appear. The border regions must remain
consistent even during an interpolation operation between two time steps. For this issue
two different approaches are presented in the following. The first approach focuses on
the border region and postulates that in two adjacent net components, the time steps of
one net component must be a refinement of the temporal discretization of the other
component. This is e.g. the case when the net component nc_1 consists of the time
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steps m1 (to), me (t1) and mg (t2) and the net component nc_2 of the time steps mu
(to) and mga (t2). In addition, the shared vertices of such net components have to be on a
common line during the interpolation process, cf. Figure 30.

/*\
tz ! t1

Net component nc_1 /\ Net component nc_2
t1 l—?

* = Vertex - stored * - Vertex - stored ?%-= Interpolated vertex of
by net component nc_1 by net component nc_2 ~ net component nc_2

Figure 30 - Spatio-temporal prism representing a shared border region.

Due to these conditions the border regions of adjacent net components remain con-
sistent and valid across the entire time interval. In addition, with this approach the border
region of net component nc_2 with the lower temporal resolution remains independent
of nc_1 between time steps to and t.

The second approach proposes the introduction of so-called hybrid elements and focuses
on the vertices of a border region between two net components. This procedure elimi-
nates the condition that the temporal discretization of the involved net components has
to be a refinement of ones another. The vertices of the border region from the compo-
nent with the finer discretization must no longer be on the trajectory, which is created
by the interpolation between two time steps of the coarser component, cf. Figure 31.
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Figure 31 - Spatio-temporal prism representing a shared border region with hybrid ele-
ments.

However, it has to be ensured that no data points of the border region enter the bound-
ary of uninvolved net elements. Otherwise this could destroy the net topology, cf. Section
3.7.1.

Due to this concept, it is possible to handle parts of a 4D model with different temporal
discretizations. This leads to a major saving of storage space, since rapidly changing parts
of a 4D model are handled accordingly while the remaining part of the model is managed
in a lower temporal resolution. Figure 32 shows the Point Tube data structure of a 4D
model that consists of two net components nc_1 and nc_2 with time steps m1 (%),
mg (t1), ms (t2), ma (tend) and mu (to), m2 (end), respectively.
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Figure 32 - Point Tube data structure for two net components with different temporal dis-
cretizations.

Due to the combination of this approach with the concept of Point Tubes a solution for
maintaining the consistency of border regions of adjacent net components is given.

Realization for 3D-nets

The concept can be applied on 4D models that consist of 3D-nets, i.e. tetrahedron nets.
The procedure is analogously to the management of 2D-nets. The conditions associated
with the border regions must also be met within this case, cf. List 2.

However, the realization of those conditions for the border regions may be much more
challenging, when managing 3D-net components with different temporal resolutions. It
must be ensured that parts of the border region do not penetrate net elements, i.e. tet-
rahedra, of other net components, cf. Figure 33. This condition is especially critical when
a net component is embedded within another one.

61



A Comprehensive Data Management Model for Spatio-Temporal Data

Component nc_1 Component nc_ 2

Figure 33 - Violating the consistency of the net topology due to modifications at the bor-
der region between two 3D-net components.

The management of such border regions is realized with the help of Point Tubes. The net
topology of the border region itself must be kept in a consistent state according to the
rules of the Point Tube concept, cf. Section 3.6. When managing adjacent 3D-net compo-
nents with different temporal resolutions, this problem should be significantly reduced
compared to embedded ones.

If an explicit model m (&) for the specific time t is required during a range query or a
geometric operation, such a model is formed by the union of all involved net components.
If an explicit time step was stored for time & € [tstart, fend] for one or more net compo-
nents, this specific time step is used for the construction of m (&). All other net compo-
nents are created by an interpolation for time t. This procedure applies to all net dimen-
sions.

3.3 Handling of Net-Topology Changes

A change of the net topology between two time steps is a critical point for the consistency
of a 4D model. However, a change of the net topology at a specific time step is sometimes
necessary. For instance, to reflect the transformation of certain regions of the model in
more detail. For the modelling of such a transition different concepts have been devel-
oped. Two of them are considered and discussed in detail below: the concept of [Polthier
and Rumpf, 1994] and the operations by [Hoppe, 1996]. The two concepts are fundamen-
tally different in their approach. The concept of Polthier and Rumpf introduces an addi-
tional object for the management of 4D models, the so-called pre-object. The concept of
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Progressive Meshes (i.e. Hoppe operations) shifts the issue to the interpolation proce-
dure. New dynamic elements with a specific behaviour are introduced that are capable
of altering the net topology.

Referring to the field of computer graphics 3D objects are often meshed by triangles for
visualization and transmission purposes. In this context, the concept of Progressive
Meshes was developed and continuously improved by Hoppe and others [Hoppe, 1996],
[Isenburg, 2002], [Kalberer et al., 2005]. The scope of this concept is to represent the
transition between two different LoDs of a 3D object continuously. Within a 3D scene 3D
objects that are farther away from the viewer than others, are often represented in a
minor LoD. As soon as the viewer approaches such an object, the LoD shall increase to
visualize more details of the object. In a transition from a lower to a higher LoD, details
should emerge as continuously as possible and not be inserted abruptly or just pop in.
Such a smooth transition can be achieved by the use of Progressive Meshes operations.

The concept was originally developed for the handling of triangular nets and enables the
transformation of an existing triangulated model mo to a model my with a reduced
amount of triangles. During this procedure the external shape of the model should re-
main the same. This transformation is reversible and can also be performed in the other
direction. The operations of Hoppe and its further developments can basically be divided
into two categories:

1. The actual operations vertex-split and edge-collapse.
2. A function for selecting suitable triangles.

The operation vertex-split creates an edge from a vertex. If the operation is performed
within a triangle net, the operation results in two new triangles. The inverse operation is
called edge-collapse which shrinks an edge e (vt, Vs) into a vertex Vnew. Through this
operation, two triangles are removed within a triangle net, cf. Figure 34.

vertex
split
‘
edge
collapse

Figure 34 - Edge-collapse and vertex-split operation within a triangle net.
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If these operations are applied on the border of a triangle net, it is also possible to remove
or add single triangles, see Figure 35.

vertex

split
Triangle
» View
b edge

Vt
Vs
collapse

Figure 35 - Edge-collapse and vertex-split operation at the border of a triangle net.

A precondition for this concept is the selection of suitable edges or vertices that shall be
manipulated by these operations. These are determined by a function that preserves the
external shape of the 3D object as much as possible, if specific triangles are removed from
the net. In addition, the choice of vhew Needs to be handled accordingly. Hoppe therefore
suggests the following procedure:

1
Vnew = (1-a) vs + avt for a = {0,5,1}

An a that leads to most "beautiful" triangles?? shall be chosen. The concept was primarily
designed for two different applications: for a continuous transition between two different
LoDs of a 3D object [Hoppe, 1996] and for an acceleration of the transmission and visual-
ization of 3D models via a network interface, e.g. Internet. The principle works by the idea
to transmit a reduced model mp of a triangle net and subsequently expand this model
through vertex-split operations.

Through the use of Progressive Meshes operations it is possible to realize different LoDs.
Therefore, objects in a 3D scene that are farther away from the viewer are represented
by a model, which was reduced by the use of Progressive Meshes operations. Once the
3D scene changes and the virtual camera approaches the model, the LoD can be in-

23 Beautiful accounts the proportion of a triangle. Very long and narrow triangles with a
small normalized area are to be avoided.
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creased by the use of vertex-split operations. These operations can be performed contin-
uously and thereby sudden changes are avoided and an almost continuous transition can
be achieved.

Another concept that describes the transition of net topology changes of a 4D model
between two time steps has been developed by Polthier and Rumpf. The foundation of
this concept is the introduction of a new object, the so-called pre-object [Polthier and
Rumpf, 1994].

Unlike the concept of Progressive Meshes the concept of Polthier and Rumpf does not
provide a continuous transition between two different net topologies. There is also no
scope of a progressive transfer or construction of a 3D model. This concept focuses ex-
clusively on the treatment of the transition between two time steps of a 4D model with
different net topologies. Polthier and Rumpf based their concept explicitly on a model
that changes over time and consists of a series of 3D models that form discrete time
steps, cf. snapshot model in Chapter 2.3.1:

4D model m = 3D model m (to) + 3D model m (t1) + ... + 3D model
m (tn)

In order to reflect the change of the net topology between two of these time steps
Polthier and Rumpf propose to store two objects at such an event: a pre-object with the
net topology top (tn-1) of the previous time step ta-1 and a post-object with the current
net topology top (t) at time step t,. Both objects represent the shape of the geometry
of the particular time step tn. Figure 36 illustrates this approach for the timesteps to, t1
and t.

<0 9 >< 0 | o >0 | o >

time t0 time t1 time t2

° o o o o o

T

preObject postO‘bject preOb‘ject postObject preObject postObject
L |

same discretization same geometry but
different discretization

Figure 36 - The concept of using pre- and post-objects proposed by Polthier und Rumpf.
Source: [Polthier and Rumpf, 1994]
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Accordingly, the management of such a 4D model managed by the concept of Polthier
and Rumpf results as follows:

model m = post-object (t) with top (to) + pre-object (t1) with top (to) +
post-object (t1) with top (t1) + pre-object (2) with top (t1) + ... + pre
object (t.) with top (tn-1) + post-object (t,) with top (t)

Due to this approach it is possible to have a unigue assignment and a 1:1 relationship of
individual net elements of the model between two time steps. Therefore it is possible to
perform a linear interpolation between these time steps, cf. Figure 37. The net topology
changes at a specific point in time, while the time and therefore the change in geometry
is at rest. The concept has the trade-off that for each time step with a change of the net
topology, two objects are stored: one pre- and one post-object. However, the advantage
to enable the unique assignment of single elements and therefore a straightforward in-
terpolation between two time steps compensates this disadvantage.

Time step ¢t ; Time step t,

pre-object post-object pre-object post-object

Wl g
5

Figure 37 — Two time steps with pre- and post-objects of a 4D model based on 2-simplicial
complexes.

same net topology

The concept to handle net topology transitions of spatio-temporal data by using pre- and
post-objects is already used in various spatio-temporal DBMS [Siebeck, 2003], [Le et al.,
2013], [Breunig et al., 2013a].

3.31 Realization for Additional Net Dimensions

The concept of Progressive Meshes and its further developments are a great asset to the
field of computer graphics, since thereby the amount of elements of a 3D model, can be

66



A Comprehensive Data Management Model for Spatio-Temporal Data

reduced without major changes of the shape of the object. This is an advantage for the
transmission of 3D models, e.g. via the Internet, and also for the representation of highly
complex models within a 3D scene. The concept can lead to a load relief of the graphics
processing unit (GPU). For such applications, the concept of Progressive Meshes is ex-
tremely useful. However, this approach cannot be used for the management of net to-
pology changes between two time steps due to two significant problems: within a triangle
net the operation vertex-split generates two triangles and the contrary method edge-
collapse removes two triangles from the net. An exception exists only for the border re-
gions. The second problem lies in the selection of the net elements that are affected by
vertex-split or edge-collapse operations. Here a usual selection process obtains the shape
and therefore the geometry of the object. This procedure would be impractical for geo-
scientific 3D models as relevant information might get lost. The geometry of such a model
is not mandatory the most important factor. A different selection process, which, for in-
stance, also takes attribute data into account would highly depend on the particular ap-
plication. Such a selection process has to be redesigned for every particular 4D model.
Furthermore, the Progressive Meshes operations were originally created for a continuous
transition. This results in a continuous transition during an interpolation between two
time steps. Additional information might be generated during such a transition on which
the modeller has no influence. For these reasons, the concept of Progressive Meshes is
not suitable for the management of geoscientific data.

In the following the model of Polthier and Rumpf is taken as a basis for a concept that
describes a net topology change between two successive time steps. The major challenge
of a changing net topology is the assignment of the individual vertices of the respective
nets over time. For a simple interpolation, i.e. the description of a movement of the
model in space over time, the assignment of elements (0-3D-simplices) and especially the
vertices of a net should be unique. This way the movement of the individual elements
can be described, cf. Figure 37. The concept of Polthier and Rumpf offers a very elegant
solution due to a clear allocation of elements between the time steps for 2D-nets [Polth-
ier and Rumpf, 1994]. Changes of the net topology are avoided between post-object and
pre-object and thematic or semantic information can be processed. A transmission and
adaptation of this concept, which was originally developed for the handling of triangle
nets, onto OD-, 1D- and 3D-nets is presented in the following.

Realization for OD-nets

0D-nets, i.e. point clouds that change over time have no natural meshing and no topo-
logical information, cf. Chapter 2.2 and 2.3. Nevertheless, a mechanism is needed for the
transition of two successive time steps, in which the number of vertices (OD-simplices)
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have changed, since the individual points of such time steps are not assignedina 1to 1
relationship, cf. Figure 38.

Time step t, , Time step t,
No 1:1
| relationship
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Figure 38 - Two models m (t»-1) and m (tn) of two successive time steps tn-1 and t,, with a
distinct net topology, i.e. an affine transformation is not possible.

For such situations a unique 1 to 1 assignment is accomplished by the introduction of a
pre-object according to the rules of the concept by Polthier and Rumpf. For this purpose,
a pre-object for time step t, is introduced at the end of time interval [ta-1, ta] of such a
transition. Such a pre-object satisfies the following properties:

1. The number of construction elements, i.e. vertices, corresponds to the post-object
of the time step tn-1.

2. The geometry (shape of the object) corresponds (as much as possible) to the post-
object of time step tn.

Due to this procedure within the half-open interval [ta-1, ta[ @ 1 to 1 allocation is ensured
for the net elements and a simple interpolation between these two steps can be realized.
Figure 39 illustrates this approach graphically.
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Figure 39 - Due to the introduction of a post-object a 1:1 relationship between the time
steps tn-1and tais established.

Realization for 1D-nets

Segment nets, i.e. 1-simplicial complexes have a meshing and hence topological infor-
mation in form of neighbourhood relations, cf. Chapter 2.2 and 2.3. Once the net topology
between two models m (tn-1) and m (ta) of two successive time steps ta-1 and t, changes,
there is no unambiguous 1 to 1 relationship between the 3D models of these two time
steps, cf. Figure 40.

Time step t, 4 Time step ¢,
No 1:1
relationship

Figure 40 - Two models m (tn-1) and m (tn) of two successively time steps tn-1and tn, with a
distinct net topology, i.e. an affine transformation is not possible.
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In such a situation it is possible to establish a 1 to 1 relationship between the successive
time steps by introducing a pre-object at the end of interval [ta-1, ta]. For the pre-object
at time step tn the conditions known from the concept of Polthier and Rumpf are met:

1.The net topology corresponds to the net topology of the post-object at time step
th-1.

2. The geometry (shape of the object) corresponds (as much as possible) to the post-
object of the time step tn.

Due to the introduction of such a pre-object a 1 to 1 relationship of the individual ele-
ments is guaranteed during the half-open time interval [ta-1, ta[. Thus, a simple interpo-
lation between these two time steps tn-1 and tn is possible. Figure 41 illustrates this ap-
proach graphically.

Time step ¢, ; Time step t,

pre-object post-object pre-object post-object

Seg_ 1

Seg_7
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Figure 41 - Due to a post-object a 1:1 relationship between time steps tn-1and t, is estab-
lished.

Realization for 3D-nets

Tetrahedron nets, i.e. 3-simplicial complexes, have a meshing and hence topological in-
formation in the form of neighbourhood relations, cf. Chapter 2.2 and 2.3. Once the net
topology between two models m (ta-1) and m (ta) of two successive time steps ta-1 and
tn changes, there is no unambiguous 1 to 1 relationship between the 3D models that
represents these two time steps, cf. Figure 42.
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Figure 42 - The two models m (tn-1) and m (tn) of two successive time steps tr.1and tn,

with a distinct net topology, i.e. an affine transformation is not possible.

In such a situation it is possible to establish a 1 to 1 relationship between the two time

steps by introducing a pre-object at the end of the interval [ta-1, ta]. For the pre-object

at time step tn the conditions known from the handling of 1D-nets are met.

Due to the introduction of such a pre-object a 1 to 1 relationship of the individual ele-

ments is guaranteed during the half-open time interval [ta-1, ta[. Thus, a simple interpo-

lation between these two time steps tn-1 and tn is possible. Figure 43 illustrates this ap-

proach graphically.
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Figure 43 - Use of a post-object to establish a 1:1 relationship between time steps tn-1and

tn.
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In summary, the concept of pre- and post-objects by Polthier and Rumpf was transferred
with the mentioned adjustments for the handling of 0D-, 1D- and 3D-nets. Apart from the
handling of OD-nets, this procedure follows the conventional rules.

The increased storage requirements, which are caused by the storage of two objects (pre-
and post-object) for each time step with a net topology change, might be reduced by the
concept of Delta Storage, cf. Chapter 3.5 and 3.6.2.

3.3.2  Automatic Construction of Pre-objects

To realize the concept of Polthier and Rumpf the existence of an appropriate pre-object
is required. Such an object is required for each time step with a net topology change. Due
to this requirement the developer of a 4D model needs to create such a pre-object during
the modelling process for all affected time steps.

If such a pre-object does not exist for a time series, it would be a major assistance to
create such an object automatically based on existing data. An automated creation of the
pre-object is a complex matter and is related to the "vertex corresponding" problem [Le
et al., 2013]. In the following, the automated creation of pre-objects is briefly sketched
by two different approaches. The common starting point is as follows: within a time series
of a 4D model two successive time steps th-1 and t, are represented by two 3D models
m (ta-1) and m (t,) with a different net topology.

Method 1: Projection of the post-object

By a projection of the model m (ta-1) onto the model m (ta), a pre-object for the time
step tn can be created. Therefore, at first, the direction of this projection must be deter-
mined. Thus the movement of the model has to be considered. For instance, if the entire
model moves in the direction of the Z-axis, the model m (ta-1) is projected in the direction
of the Z-axis onto the model m (t,). The border regions of the two models must be han-
dled with caution. The border of the projected model m (ta-1) has to be reflected on the
border of the model m (tn). For this purpose, the extend of the model needs to be shrunk
or expanded, cf. Figure 44.
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Post-object m (t, ;)

Pre-object m (t,)

Figure 44 - Automatic generation of a pre-object by the projection of the model m (tn-1)
on model m (tn).

Method 2: Use of Progressive Meshes operations

An alternative way to generate a pre-object is to adapt the associated post-object. In this
case the pre-object is developed from a copy of the post-object onto which the Progres-
sive Meshes operations edge-collapse or vertex-split have been applied on. Due to this
procedure it is possible to reduce or increase the amount of elements of the object. In
this case these operations must be performed until the number of elements of the pre-
object m (t) corresponds to the number of elements of the post-object m (ta-1). After-
wards the elements e (ta) of pre-object m (t.) must be assigned to the elements e (tn-1)
of the post-object m (ta-1). Such a 1 to 1 relationship is required for several spatio-tem-
poral operations such as a suitable interpolation. However, the assignment of the single
elements just represents the major challenge. In addition, it must be ensured that the
neighbourhood information of affected net elements do not change and thus the net
topology is maintained.

3.4 Differentiated Management of Thematic and
Semantic Data

For the management of 4D models that consist of simplicial complexes, one question is
which kind of geometric data is stored explicitly and what is implicitly available and can
be calculated on-demand if required. A d-simplicial complex consists of d-simplices of the
dimension d €{0,1,2,3}. These elements form the foundation of such a net. The construc-
tion of these elements is of crucial importance for various reasons. In particular, the con-
struction of the simplices is relevant for the management of thematic and semantic data.
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For the construction of such elements different approaches can be realized. For instance,
the approach that is used in the 3D data model of the geodatabase architecture DB4GeO
[Breunig et al., 2010], stores the information of corresponding vertices and adjacent ele-
ments on individual net elements. Each net element of a model consists of topological
information of the element itself and its vertices: e.g., a tetrahedron consists of four own
points (p1, p2, p3, p4) and information about the adjacent elements (tetral, tetra2,
tetra3, tetra4).

The approach of the Points Tube concept, cf. Chapter 3.1, stores the vertices of a net in
Point Tubes data structures that are separated from the net topology. The net topology
itself consists of net elements and their adjacent elements. Accordingly, with this ap-
proach each individual net element of a model is formed by the composition of the ele-
ment itself and corresponding references to Point Tubes of the 4D model. A tetrahedron
consists of four references to Point Tubes (pt1, pt2, pt3, pt4) and the information about
adjacent elements (tetral, tetra2, tetra3, tetra4). An overview of these two ap-
proaches is shown in Figure 45.
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thematic data; H thematic data;
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Figure 45 - Conventional and Point Tube approach to store a 3-simplicial complex.

However, both approaches solely manage the vertices and the composition of the current
net element. Once details of a particular element are requested or used for geometric
operations, these details have to be calculated on-the-fly. For instance, for the request
of an outer face of a tetrahedron a temporary 2-simplex is created and used by the points
pl, p2, p3or, following the Point Tube concept, by ptl, pt2, pt3.
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Often not only the geometry is of interest and thematic and semantic information of var-
ious kinds need to be managed across different application fields. Such data is not solely
stored at the elements of the highest dimension (d-simplex) or lowest dimension (0-sim-
plex), but also at the elements of any intermediate dimension.

An example is the definition of a boundary surface within a 3D-net, which is semi-perme-
able, i.e. permeable only for certain molecules. Such a boundary forms its own 2D-net. If
these triangles are created only on request, it is not possible to store thematic infor-
mation at the appropriate places. In this case the boundary surface could only be stored
on the involved vertices or tetrahedra. This problem applies also for the management of
2-simplicial complexes with information on 1D-simplices and for 3D-simplices with infor-
mation on 1D-simplices, respectively.

To ensure high flexibility in the processing of thematic and semantic data, it must be pos-
sible to store and manage relevant information at the appropriate places within the 4D
model. For this purpose, d-simplices must explicitly store d+1 references to their explicitly
handled (d-1)-faces instead of computing these exclusively when needed. A specific
model mfor the time step t, of dimension d thus consists of the following components:

model m (t.) = vertices (tn) U Uz=1 Top (kD)2

Such a model contains the appropriate d-simplices with their incidence relationships. This
procedure is also referred to as the incidence model [Ohori et al., 2015]. A graphical illus-
tration of the explicit storage for all construction elements of a net element can be found
in Figure 46.

24 Top (kD) represents the information of the net topology of the respective dimension k,
e.g. a 3-simplicial complex consists of vertices, segments Top (1D), triangles Top (2D) and
tetrahedra Top (3D).
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Figure 46 - Explicit storage of construction elements for a single tetrahedron using a con-

ventional approach for the vertices.

At first sight this concept implies a significant increase in storage usage and a decrease of
performance. This issue is addressed in Section 3.6.4 and a combination of this approach

with the Point Tube concept is presented.

3.5 Delta Storage Concept

The concept of Delta Storage reduces the amount of data that need to be stored when
managing 4D models that consist of multiple time steps. The basic idea is to reuse parts
of the model that do not change between successive time steps.

In the following a first approach on the processing of time series by using an initial model
and separated deltas is presented. This approach is based on the idea of incremental up-
dates introduced by [Dadam et al., 1984]. Prior work also exists in the context of handling
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spatio-temporal data that consist of simplicial complexes. For instance, the concept of
Delta Storage was realized in the geodatabase library GeoToolKit [Shumilov and Siebeck,
2001], [Balovnev et al., 2004].

In the following, the details of the transfer and the specific impacts on particular net di-
mension are described individually for each net dimension.

Realization for OD-nets

The basic idea to reuse regions, which do not change between one or more time steps,
can be used for the management of 4D models, whose individual time steps consists of
point clouds, i.e. O-simplicial complexes.

In a first step, the regions of a 4D model are determined that change between two suc-
cessive time steps tn and tn+1. To do this the two models m (t.) and m (ta+1) are com-
pared. The changing regions form a delta d (ta+1). In the special case that the complete
model changes, the delta d (tn+1) consists of the entire model m (ta+1). Therefore, the
model m (ta+1), which corresponds to time step ta+1, is built as follows:

model m (ta+1) = model m (t.) + delta d (ta+1)

All time steps are managed in the same way and a model m (t) for a specific time step &
consists of the following parts:

model m (t) = initial model m (%) + delta d (t1) + delta d () + ... +
delta d (t)

Since OD-nets have no net topology, there is no need to manage the consistency of the
net topology.

Realization for 1D-nets

The concept of Delta Storage can also be used for the management of 4D models, whose
time steps consist of segment nets, i.e. 1-simplicial complexes. The regions of a 4D mode],
which change between two time steps tn and ta+1, are stored as a delta d (ta+1). If the
entire model changes, the delta d (ta+1) consists of the model m (ta+1). Thus, the model
m (ta+1) of the corresponding the time step th+1is formed analogously to the realization
of this concept on OD-nets.

Since the concept can be applied to all time steps of the 4D model, a model m (&) for a
specific time step & is composed as described above.

4D models, which are built by 1-simplicial complexes, own a net topology that corre-
sponds to the conditions defined in Chapter 2.3. This net topology must be obtained at
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any time within the time interval [to, tend]. In particular, geometric operations must not
violate the conditions of the net topology. Therefore, the consistency of border regions
between the model m (t,) and the delta d (ta+1) must be guaranteed.

In this case, a border region between a model m (ta) and a delta d (ta+1) consists of
points, cf. Figure 47. If the affected points exist multiple times, minimal deviations might
lead to inconsistencies within the model. Such discrepancies may arise by arithmetic er-
rors in geometric operations. A solution to this problem, which can also be used for 2D-
and 3D-nets, is presented in Chapter 3.6.

AV

Model m (t,) Delta d (t,,,)

AV

Figure 47 - Border region of a model m (tn+1) which consists of model m (t») and a delta
d (tn+1) (With exploded-view drawing).

Realization for 2D-nets

The concept is based on the storage of an initial model m (to) for the first time step to.
Subsequently, the particular geometry of a successively added model m (tn+1) is com-
pared with the geometry of the model m (t.) and the difference between these two
models is stored as delta d (ta.+1). This procedure is repeated each time the 4D model
gets expended by an additional time step. If there are no matching parts in the two com-
pared models m (t,) and m (ta+1), the delta d (ta+1) is equivalent to the entire model
m (ta+1). Therefore, a model m (tn+1) is formed analogously to the realization of this con-
cept on OD-nets.

If the model of a certain time step ¢ of the 4D model is requested, the model m (&) is
created from the initial model m (to) and the assembled deltas d (t1) to d (t). Accord-
ingly, a model m (&) of a corresponding time step t is composed analogously to the re-
alization of this concept on OD-nets. Figure 48 describes this procedure illustrative for a
model m (t3) for the time step ts.
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Figure 48 - The use of the Delta Storage concept for a model that is represented by four
time steps.

4D models which are built by 2-simplicial complexes own a net topology that corresponds
to the conditions defined in Chapter 2.3. This net topology must be obtained during the
time interval [to, tenda]. Geometric operations must not violate the conditions of the net
topology. Therefore, the consistency of the border region between the model m (t.) and
a delta d (ta+1) must be guaranteed.

In this case, the border region between a model m (t.) and a delta d (ta+1) consists of
segments, cf. Figure 49. If the affected segments exist multiple times, minimal deviations
lead to inconsistencies within the model. Such discrepancies may arise by arithmetic er-
rors in geometric operations. A solution to this problem, which can also be used for 1D-
and 3D-nets, is presented in Chapter 3.6.

Model m (t_) Delta d (t,,,)

Figure 49 - Border region of a model m (tn+1) which consists of the model m (t») and a
delta d (tn+1) (with exploded-view drawing).
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Realization for 3D-nets

The concept of Delta Storage can also be applied on models, which are based on 3-sim-
plicial complexes, i.e. tetrahedron nets. The procedure is analogously to the realization
of this concept on OD-nets. However, a critical point is the handling of the border region
of a delta d (ta+1) and the model m (t.) of the previous time step t,, which is built by
the initial model m (to) and the deltas d (t1) to d (t.). Figure 50 describes such a border
region of a delta d (ta+1) and the model m ().

Model m (t,) Delta d (t,,,)

Figure 50 - Border region of a model m (t+1) which consists of the model m (t,) and a
delta d (tn+1) (with exploded-view drawing).

In this case the border region is composed of a triangle. Thus, the use of tetrahedron
models not only increases the dimension of the net elements of such a model, but also
the dimension of the elements that form the border region between the model m (tn)
and delta d (tn+1). Equivalent to the realization of the Delta Storage concept on the man-
agement of time series that consist of 2D-nets, it is essentially important to keep these
border regions in a consistent state.

Otherwise the constraints for the construction of simplicial complexes may be violated,
cf. Chapter 2.2. Such a situation may occur through the use of geometric operations which
draw parts of a model apart, and thereby invoke a change of the net topology, cf. Figure
51. The consistency of the border regions between the delta d (tu+1) and the model
m (ta) of a tetrahedron based model must be ensured during the entire time interval of
the 4D model. One way to address this problem is the use of Point Tube data structures
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for the management of the vertices of a triangle or a tetrahedron net, respectively. Such
a consolidation of the concepts is described in Section 3.6.

Model m (t,) Delta d (t,,,)
/ ! A

Figure 51 - Inconsistencies between a delta d (tn+1) and the model m (t») of a tetrahedron
model (with exploded-view drawing).

3.6 Realization of the Comprehensive Model

To cover a wide range of applications and to benefit from the positive effects of the con-
cepts described in the previous sections, the five concepts are consolidated into a com-
prehensive data management model. However, it must be ensured that these concepts
do not adversely affect each other and lead, e.g. to an administrative or storage over-
head. Such a situation could occur as soon as a specific concept is unsuitable or not
needed for a specific application. On the other hand, it would be beneficial if negative
properties of individual concepts are compensated or reduced within the merging pro-
cess.

The separation of the net topology from the vertices by using Point Tube data structures
works as a basic concept. Thereby the individual vertices of a 4D model are traceable over
time. Based upon this, the consolidation with the remaining concepts is developed in the
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next sections. The respective effects on different net dimensions and interactions of the
different concepts among each other are pointed out in particular.

First, the merging of the two concepts Point Tube and Delta Storage is described. Subse-
quently, the integration of the concept for handling net topology changes between two
time steps is presented. Afterwards, the consolidation with the concept of net compo-
nents with different temporal resolutions is described. The extension to include the dif-
ferentiated handling of thematic and semantic data at construction elements forms the
final part of the comprehensive data management model.

3.6.1  Merging of the Concepts Delta Storage and Point Tubes

During the consolidation of the concepts Delta Storage and Point Tubes only 4D models
are considered, whose net topology remains constant across all time steps. The combi-
nation of these two concepts addresses the question which parts of a model can be ref-
erenced and therefore be reused across multiple time steps. It gives an answer to the
question "what is the delta d (ta+1) "?

Adelta d (ta+1) is, as described in Section 3.5, the part of a model m (ta+1) which changed
between two models m (tn) and m (ta+1) of the corresponding time steps tn and ta+1. In
combination with the concept of Point Tubes, this implies that such a delta forms a set of
Point Tubes with an entry for the time step th+1. The vertices, in combination with the
net topology top (tn) of the model m (ta) form the border region between m (t,) and
d (ta+1). These vertices are referenced by both m (t.) and d (ta+1), i.e. the same Point
Tubes are used. Figure 52 shows how the members of the border points x, y and z are
used by both the model m (t) and the delta d (ta+1).
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Figure 52 - Representation of a 3-simplicial-complex using the Delta Storage concept in
combination with the Point Tube concept.

When creating a new 4D model, the initial model m (o) is managed internally by the use
of Point Tubes data structures, cf. Section 3.1. Thereby the Point Tube structures are ini-
tialized and the net topology is managed separately. Subsequently, the differences be-
tween the models m (tn) and m (ta+1) are determined each time when another 3D model
is added as a subsequent time step. These changes form a delta d (ta+1). As only the
vertices of the delta d (tn+1) have changed, the corresponding Point Tubes are extended,
while the Point Tubes of the unchanged regions reference to the last explicitly saved ver-
tex, cf. Figure 53. The net topology is not altered between these time steps. For this rea-
son, it is not stored multiple time and the net topology top (to) is reused. Dealing with
1D-, 2D- and 3D-nets top (to) consists of the collection of net elements. For OD-nets top
(to) consists of the collection of corresponding vertices. The following figure illustrates
the internal structure combining the concepts Point Tubes and Delta Storage for three
time steps to, t1, and t. Three Point Tubes are described explicitly as examples of the
internal structure. The total amount of Points Tubes corresponds to the amount of exist-
ing vertices in the net.
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Figure 53 - Overview of the internal structure for the combination of the concepts Point
Tubes and Delta Storage.

Effects of the consolidation

Due to the combination of the Delta Storage concept with the Point Tube concept incon-

sistencies at border regions are avoided, cf. Chapter 3.5. By using the same Point Tubes
for vertices that belong to a border region and are used by both the model m (t.) and
delta d (ta+1), the net topology is robust against arithmetic errors. As a result, the condi-
tions for simplicial complexes are met at any time, cf. Chapter 2.2. Figure 52 illustrates

this for a model that consists of 3-simplicial complexes.

This effect is also valid for the management of 1D- and 2D-nets. In these cases inconsist-
encies within the borders regions between a model m (t.) and a delta d (ta+1) are

avoided, as the vertices of the border regions are used by both, cf. Figure 54.
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Figure 54 — Combination of the concepts Point Tube and Delta Storage: representation of
the border region of a 1D-net (left) and a 2D-net (right).

This is especially important for the interpolation between two time steps. A model
m (tx)25 created by interpolation may consist of more than one delta, cf. Chapter 3.5.
Thereby the problem of inconsistencies may occur at multiple border regions. Combined
with the Point Tube concept these border regions have been unambiguously coupled to
each other and can no longer be "torn apart".

In addition, the positive effects of the two concepts are both active without any disad-
vantages. Due to the Point Tube concept storage space is saved and the performance of
spatial and spatio-temporal operations is improved. In combination with the Delta Stor-
age concept the required storage space is reduced even more. However, this depends on
the size of the respective delta. If there are large similarities between the models of two
time steps, the effect increases. Additional computations that are necessary for the real-
ization of the two concepts are only required during the insertion of a 4D model into the
data management model.

% t« is not an explicit time step, but part of a valid time interval of m.
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3.6.2  Consolidation with the Concept for Handling Net Topology Changes

The Delta Storage concept, in combination with the Point Tubes concept, can be ex-
tended by the concept for handling topology changes. For this purpose, the time steps
with a change of the net topology, are subsequently studied in detail.

For each time step with a change of the net topology two models are required: a model
pre (tchange), Which represents the pre-object and a model post (fchange), Which repre-
sents the post-object at time step fchange, cf. Chapter 3.3.

These objects are still required when combining this concept with the concepts of Delta
Storage and Point Tubes and applies to all net dimensions. The combination has an impact
on the internal representation, management and construction of the two models
pre (tchange) and post (tchange)-

In this case the parts of the model are reused, which do not change between pre (tchange)
and post (tchange), analogous to two successive time steps without a change of the net
topology. The changing regions between the two models pre (tchange) and post (tchange)
form a delta dpost (tchange), Which includes these changes. The model post (tchange) of
a time step fchange is therefore formed as follows:

model post (tchange) = model pre (tchange) + delta dpost (tchange)

The model pre (tchange) and the delta dpost (fchange) are hereby developed analogously
to the rules of the Delta Storage concept, cf. Section 3.5. If the two models pre (tchange)
and post (tchange) differ entirely from each other, the delta dpost (tchange) is equivalent
to the model post (tchange).-

Due to the usage of the Point Tube concept the reusable parts consist of the vertices that
were used by both the model post (tchange-1) and pre (tchange). This also applies on the
models pre (tchange) and post (tchange).

According to the rules of the Point Tube concept, the net topology is reused between all
time steps without a net topology change. For a time step that involves a change of the
net topology, it might be possible to reuse parts of the mesh.

The procedure is applicable for 1D-, 2D-, and 3D-nets. For OD-nets (point clouds) the pro-
cessing and reusing procedure of the net topology is skipped.

The data structure to realize the consolidation of these concepts is illustrated in Figure
55.
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Figure 55 - Data structure to realize of the consolidation of the concepts Point Tube,

Delta Storage and handling of net topology changes.
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Effect of the consolidation

The consolidation of the three concepts complements the data management model to
manage 4D objects, whose net topology changes within its time series. Therefore, the
spectrum of applications is expanded significantly.

For all four net dimensions d € {0,1,2,3} the advantages of the respective concepts are
retained within the consolidation. The amount of data that need to be stored, is reduced
for the net dimensions 1 to 3 by using Point Tube data structures. For all dimensions, we
obtain a clear assignment and a manageable allocation of vertices of the net elements.
The separation of geometry and topology leads to a simplification and acceleration of
geometric operations on the nets.

The identification of stationary parts of a model between two time steps, is expanded on
the identification of differences between pre- and post-objects. Therefore, the storage
of redundant information is further reduced.

The consistency of the net topology is guaranteed during the entire time interval of the
model and is independent of the net dimension. Thus the three concepts complement
each other without provoking any disadvantages. The application of the combined con-
cepts based on sample data is shown in Figure 56.

£ ] &

Pre-object

A

N

Figure 56 — Combined use of the concepts Point Tube, Delta Storage, and Topology Man-
agement.
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3.6.3  Consolidation with the Concept for Handling Different Temporal Discretiza-
tions

Net components with different temporal discretizations support the management of 4D
models with different volatile subregions. One important issue is the consistency of the
time intervals of all involved net components. During the consolidation the time intervals
are split into time intervals in which the net topology remains unchanged. These are the
half-open intervals [tpost, tprel OF [fchange-1, tchangel, respectively. Such a time series gets
completed with the interval [tchangeN, fend]. All net components of a 4D model must be
valid within the entire corresponding time interval.

Since this concept is directly related to the concept of Point Tubes, the consolidation of
these two concepts has already been described in Chapter 3.2. The individual Point Tubes
contain the vertices of the respective net component in the respective temporal discreti-
zation. For the border regions between such net components a sharing of net elements
only occurs in higher dimensional structures, starting from 1-simplicial complexes. In this
case the particular vertices are immutable assigned to a fixed net component.

Due to the consolidation with the concept of Delta Storage the vertices of individual net
components are treated as if the components were independent d-simplicial complexes.
The Point Tube structures are thus constructed as described in Section 3.6.1. The assign-
ment to the corresponding net topology must be ensured. This is achieved by the intro-
duction and usage of a unique /D for the Point Tubes and net components. Due to the
usage of the Delta Storage concept unaltered vertices can be identified and referenced
in the respective Point Tubes.

The merging process with the concept for the management of net topology changes is
divided into the following sections:

e The management of a 4D model is divided into n stages, each stage begins with a
change of the net topology and corresponds to a time interval.

For time intervals [tchange, tchange+1[ With a constant net topology, the net topology
is saved as top (tchange) and is used for the entire interval. The net topology is
always applied to the union of all net components.

If the net topology changes, the new net topology is stored as top (tchange+1). It is
valid starting from the date of the introduction and is used till a further change.
e As a requirement for a time step with a net topology change, all involved net com-

ponents need to have an explicit time step, see Figure 57.
e Anetcomponentis exclusively valid within a certain time interval [fchange, tchange+1[
and may differ in its temporal discretization from other net components within
the same time interval.
89



A Comprehensive Data Management Model for Spatio-Temporal Data

Net component Net component
| | | I | | > i
| | | | | | — time
Eotart t . fia fehange1 L changeN f Py tis fend

i i

Net component Net component
| | I | | Lo i
| | | | | — time
trtart tm tm+1 tm+2 I‘(:hawgel tchar*‘geN tn tm+l I‘n-v-2 tenr

Time interval [t thangesl Time interval [t . cen: tendl

Figure 57 - Various net components with different intervals, which converge together for
pre- and post-objects.

As discussed in Section 3.6.2 it is necessary to build new Point Tube structures for each
post-object. However, when mapping the 4D model onto the internal data structure, the
vertices that occur in both the pre- and the post-object are identified and referenced.
The information of the corresponding vertices get transferred to the new Point Tube
structure of the post-object.

If the particular 4D model is a OD-net, there is no net topology that must be treated.
However, a pre-object is still required to represent the spatial structure (i.e. shape) of the
object at time step fchange+1 With the amount of vertices of time step fchange-

When working with 1-3D-nets (i.e. d-simplicial complexes with d € {1,2,3}) the procedure
is analogous to the one described in Section 3.6.2. The net topology of the entire net is
stored for each time step with a net topology change (including the initial model) and is
used for the entire time interval [tchange, tchange+ 1]

Effect of the consolidation

If the net topology of a 4D model is not constant during the entire time interval the con-
solidation of the concepts implies specific conditions: each time step with such a change
requires a pre- and a post-object. For this purpose, all involved net components need an
explicit time step in the respective time interval.

Similarities between pre- and post-objects may be reused through the use of the Delta
Storage concept, whereby storage space is saved. Further, the consolidation benefits
from the specific advantages (reduction of data volume and the acceleration of certain
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operations) by the use of Point Tube data structures. For the periods without a net topol-
ogy change the concept of Delta Storage is applied on the individual net components.
Thereby storage space is saved analogously to the administration of regular nD-nets, cf.
Section 3.6.1.

3.6.4  Consolidation with the Concept for a Differentiated Management of Thematic
and Semantic Data

The concept for a differentiated handling of thematic and semantic data by an explicit
storage and management of construction elements, can be realized in combination with
the Point Tube concept. The vertices of all dimensions of the mesh Top (1D) up to
Top (3D) of an d-simplicial complex are handled separately. Therefore, a specific model,
e.g. a 3-simplicial complex for a time step t, consists of the following information:

model m (t,) = vertices (tn) U Uz= Top (kD)

The storage of thematic and semantic information takes place at the elements of each
dimension of the mesh, cf. Section 3.4. The information are built by references to the
elements of the lower dimension, e.g. Top (1D) is built from references of individual
vertices. Accordingly, the various meshes of a specific model, e.g. Top (1D), Top (2D)
and Top (3D) can contain appropriate semantic or thematic information.

Due to the Point Tube concept the vertices are stored separately from the net topology.
This basic concept of the separation of vertices and the net topology combined with the
management of vertices in Point Tube data structures has advantages in terms of perfor-
mance and storage requirements as discussed in detail in Chapter 3.1. However, following
the Point Tube concept, the mesh is only stored in the respective dimension of the net
component. Therefore, e.g. a 2D-net component is a set of linked triangles that represent
the net elements and form a 2-simplicial complex. These net elements reference on three
vertices that are managed by Point Tubes data structures. The mesh of the construction
elements can only be calculated on-the-fly and is not explicitly stored for 2D- and 3D-nets.

With the expansion of the comprehensive model by the concept for the explicit storage
and management of construction elements an nD-net component therefore consists of
the respective Point Tubes and the meshes Top (1D), ..., Top (n-1D), Top (nD).

At first sight this concept significantly increases the storage usage. But due to the combi-
nation of this explicit storage with the concepts Point Tubes and Delta Storage the addi-
tional storage overhead is considerably reduced since the individual meshes Top (1D)
to Top (nD) only consist of references of the vertices and thematic or semantic infor-
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mation. Additionally, the information are not stored redundantly. Faces (segments in tri-

angle nets or segments and triangles in tetrahedron nets), which are used by multiple

elements in the higher dimension, are managed uniquely. Multiple usage of such objects

lead to references to the same face, cf. Figure 58.
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Figure 58 - Internal structure of a tetrahedron (3-simplex).

The concept of topology transitions, i.e. change of the net topology between two time
steps, is realized as described in Section 3.6.2.

The concept to store construction elements explicitly does not interfere with the linking
of 3D models that form a 4D model. Therefore, it is sufficient to examine a single time
step. An exception to this are regions that are reused due to the Delta Storage concept.
In such a case potential changes of thematic or semantic information has to be consid-
ered. In such a case it is only possible to reuse and reference the information about the
mesh itself, but not the thematic or semantic information, respectively.
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Effects of the consolidation

Due to the construction of a non redundant incidence model to handle the construction
elements, the user is able to manage thematic or semantic information directly at the
appropriate places. This extends the set of applications that can be handled by the com-
prehensive data management model. In combination with the concepts Point Tubes and
Delta Storage the storage and computational requirements are significantly reduced for
4D models that are constructed by d-simplicial complexes with d € {1,2,3}. However, ad-
ditional computing capacity is needed to develop the structure of such a 4D model and
to assign the constructional elements to the net elements without redundancy.

It is not to be expected that all applications need the explicit storage of thematic or se-
mantic data at construction elements. In such cases it is sufficient to handle the vertices
and the net topology of the respective net dimension following the principle of the Point
Tube concept. Due to the additional storage requirements for this concept for the han-
dling of Top (1D) to Top (n-1D), this concept should be optional.

The other concepts are independent of the explicit handling of construction elements.
They can be calculated from the available data, if the concept of their explicit storage is
not active at any time if required.

3.6.5 Summary of the Consolidation

The consolidation of the five different concepts was accomplished without any additional
limitations or drawbacks. An exception is the concept of the explicit storage of construc-
tion elements. This concept should be only used if needed and therefore be optional. It
should be enabled as soon as thematic or semantic data need to be stored and handled
directly on the construction elements of a 4D model.

Figure 59 illustrates the use of the consolidated concepts. In this example the 4D model
starts with time step tstart and consists of two net components in the first time interval
[tstart, tchange[ and one net component in the second time interval [tchange, tend]. The first
component consists of five and the second of three time steps. There is a change of the
net topology at time step tchange. The usage of the explicit storage of construction ele-
ments is exemplarily shown for the first time step t1 in Figure 60.
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Figure 59 - Use of the five consolidated concepts.
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Figure 60 - Detailed view of a net element used in the 4D model of Figure 59.
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Further details on a specific implementation of each concept within the implementation
of the comprehensive data management model realized with an object-oriented pro-
gramming language is part of Chapter 5.3.

3.7 Discussion

In the previous sections, a model for the management of spatio-temporal data that con-
sists of five partial concepts has been presented. These concepts were examined and
described individually. Afterwards they were adapted to meet the specific requirements
that are relevant for this thesis. Subsequently, the combination of the individual concepts
into a comprehensive data management model was realized and the impact of the con-
solidation was described in detail.

In this section the advantages and disadvantages of the result are discussed critically. For
this purpose, a distinction is made between the effects that are dedicated to the interac-
tion among the concepts and the effects of each individual concept within the compre-
hensive model.

If the comprehensive model is compared with the individual sub-concepts, it is clear that
the sub-concepts do not adversely affect one another and can be combined in the de-
scribed manner. Possible negative effects (trade-offs) of the individual concepts are not
reinforced by a consolidation, but in some cases are even significantly reduced, especially
in combination with the concepts Delta Storage and Point Tubes.

However, the use of the sub-concepts adds some additional computation and/or storage
requirements. In consequence these are also required for the realization within the com-
prehensive model. It was possible to partially reduce the impact of these effects by the
consolidation of the concepts.

The additional requirements of computation or storage capacities are divided into the
following two categories:

1. Additional requirements on computing capacity

For the concepts Point Tubes, the handling of different temporal discretizations and
Delta Storage additional calculations are expected: for the composition of Point Tube
data structures, the division into different net components and the examination of
two time steps on unchanged subregions. However, for a 4D model these additional
computational operations have to be performed only once and solely at the insertion
of such a model into the data structure.
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Once the 4D model is inserted into the geodatabase, computational resources are
saved by the use of these concepts.

2. Additional requirements on storage capacity

The concept for handling net topology changes demands additional storage capaci-
ties: additional information of a pre-object have to be stored for every time step with
a net topology change. This additional storage space is needed for the entire admin-
istration period of a 4D model. This also applies on the transfer of the data, once the
complete 4D model needs to be transferred. However, this effect occurs only if a
change of the net topology between two time steps is present. Otherwise, the reali-
zation of this concept does not need any additional storage space.

The concept for the explicit handling of construction elements requires additional
storage space, as more information need to be handled and stored. This allocation of
storage space remains active within the entire administration period of a 4D model.

However, under certain conditions the additional storage requirements are reduced sig-
nificantly due to the concepts Delta Storage and Point Tubes, cf. Section 3.6.4.

The computational costs for the realization of the five concepts is only needed during the
initial storage (insertion) of a 4D model and for the extension of an existing time series.
Subsequently, the appropriate data structures are available for spatio-temporal queries
and spatio-temporal operations.

It is expected that the process of inserting data into a geodatabase usually is a unique
event during the administration of a 4D model. Afterwards the time series of such a
model can be extended, but primarily data retrieval- and processing requests are ex-
pected. Additionally, during an insertion of new spatial or spatio-temporal objects, index
structures such as the R*-Tree or the Octree are often initialized [Beckmann et al., 1990].
The costs that are required for the realization of the comprehensive data management
model are expected to be less than the costs for the construction of such indices. There-
fore, the additional temporary computational effort for the data management model is
regarded as justifiable.

Additional storage space that is required by the concepts for the handling of net topology
changes and the explicit handling of construction elements is needed within the entire
lifetime of a 4D model. But the concept for the handling of net topology changes is used
only if such a change occurs. Otherwise the use of the concept does not require additional
storage space.
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For the concept of the explicit storage of construction elements the additional storage
space is needed for each time step with a change of the net topology, i.e. also for the
time step tstart. This applies to all 2D- and 3D-nets, cf. Chapter 3.4. As mentioned before,
the concept of the explicit storage of construction elements is not required for all appli-
cations and should be available optionally.

When working with 2D spatial databases it is common that, before inserting any data, the
user of the database defines a space that fits the specific application, i.e. determining
attributes and data types. For such a space policies and constraints can be established
and be applied on the data that is handled within this space. This approach can be
adapted to handle spatio-temporal data. Such a space definition i.a. specifies whether
the construction elements of the net elements are managed explicitly or developed on-
the-fly when needed. Due to this approach the allocation of additional storage space is
avoided if an explicit handling of construction elements is not necessary.

The most important positive effects of the comprehensive data management model com-
pared to a conventional approach are:

1. Reduction of storage space

By separating the net topology from the vertices of a 4D model it is possible to save
storage space, since the net topology is reused for multiple time steps. Furthermore,
due to the realization of the indexed-face-set procedure the multiple storage of ver-
tices at net elements is avoided. Construction elements are also handled uniquely if
used by multiple net elements. Thus the completeness axioms are respected, cf. Chap-
ter 2.2, and storage space is saved when managing 4D models based on d-simplicial
complexes with d € {1,2,3}.

By the use of the Delta Storage concept the storage requirements are reduced for 4D
models that do not change in partial regions within multiple time steps. For such re-
gions only references to existing information need to be managed. The storage of
redundant data is avoided.

Due to the introduction of net components with various temporal discretizations dif-
ferent volatile subregions of a 4D model are treated accordingly. Therefore, it is pos-
sible to avoid the storage of the entire model in a high temporal frequency, which
leads to an elimination of entire time steps for suitable subregions.

2. Acceleration of spatial and spatio-temporal operations

Due to the introduction of Point Tube data structures many calculations, such as the
translation of a 4D object, have to be performed exclusively for the vertices. These
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are separated from the net topology and can be accessed without the use of net ele-
ments. Vertices that are used by multiple net elements (within 1-3D-nets) are treated
uniguely, which accelerates the processing of operations. In addition, the use of the
Point Tube concept obtains the consistency of the net topology as the mesh is re-
sistant against possibly arithmetic errors.

3. Extended field of applications

Due to the concept to support net topology changes between two time steps it is
possible to handle 4D models that consist of regions which significantly change over
time. Such changes are appropriately handled by the comprehensive data manage-
ment model.

The concept for handling different temporal discretizations of partial regions extends
the range of possible applications. Due to this concept it is possible to manage
4D models that consist of multiple regions with different volatile movements. This is
the case, e.g. once a region changes faster than other regions and the monitoring is
focused on this particular area. Due to this concept, it is possible to embed such re-
gions in an appropriate spatio-temporal context. The entire 4D model is managed
collectively in a single entity.

The explicit storage and handling of construction elements provides additional op-
tions to manage semantic and thematic information within a 4D model. Although,
these construction elements can be generated on-the-fly if needed, due to the inte-
gration of this concept it is possible to store such information at the appropriate ge-
ometries permanently.

The reduction of the storage requirements by the use of the Point Tube concept is only
relevant for 4D models that are based on d-simplicial complexes with d € {1,2,3}, as 0-sim-
plicial complexes do not have net elements that share vertices. Nevertheless, by the un-
ambiguous assignment of vertices across the time steps of a 4D model, some important
operations are supported, such as the interpolation between two time steps. This benefit
applies on all net dimensions. Such operations benefit not only from the unambiguous
structure of the individual vertices across different time steps, but also from the cumula-
tive access to all vertices of a 4D model.

The use of the Delta Storage concept leads to a reduction of the required storage space,
if regions are present that do not change between consecutive time steps. The examina-
tion of such regions consume computing resources. Therefore, this concept should only
be activated with a promising data base. If such unaltered regions are present, the 4D
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model should be mapped onto the internal data structure by the use of the Delta Storage
concept. In the following such a 4D model can be used without any restrictions.

The identified improvements for the acceleration of operations and calculations by the
use of the Point Tube concept are expected to increase in higher dimensional nets, due
to an improved treatment of vertices.

Managing 4D models whose net topology changes over time, extends the range of appli-
cations that can be handled by the data management model. As this concept does not
require any additional resources, if the net topology does not change, it can be perma-
nently activated without any negative impact.

The concept of net components with different temporal discretizations does also not re-
quire any additional resources when it is not needed. In such a case, the entire net con-
sists of one single component. Therefore, only positive effects are expected and the con-
cept should be activated permanently.

The explicit storage of construction elements extends the range of applications in partic-
ular when handling thematic and semantic data. In this case additional computational
effort for the development of such construction elements, as well as additional storage
requirements for the management are expected. Therefore, this concept should be acti-
vated exclusively if an explicit handling of construction elements is required. Negative
effects are partly compensated by the combination with the concepts Delta Storage and
Point Tubes. Table 4 summarizes the positive effects of the comprehensive data manage-
ment model according to the individual sub-concepts:

Table 4 - Benefits of the particular concepts in storage and computational costs

Concept Storage costs  Computational costs
Pont Tube concept 0 to O(n)?® 0 to O(n)?%®
Delta Storage concept 0 to O(n)?’ 0
Handling of various net topologies N/A N/A
Use of net components 0to O(n)% 0
Explicit handling of construction elements N/A O(n)

%6 Depends on net dimension
7 Depends on net composition
28 Depends on model composition
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In summary, it can be stated that the previously discussed requirements are met by the
comprehensive data management model due to the consolidation of the five sub-con-
cepts, cf. List 1.

A particular implementation of the model based on the geodatabase DB4GeO is part of
Chapter 5.3. A typical workflow based on the implementation with test data is presented
in Chapter 5.3.5.

3.7.1 Constraints and Limitations

The presented data management model is suitable for 4D models that meet the specifi-
cations outlined in Chapter 2.3.2. Additionally, there are constrains that need to be met
by an appropriate 4D model for a correct usage of the comprehensive model. These partly
depend on the dimension of the particular net. The handling of O-simplicial complexes is
uncritical, but for d-simplicial complexes with d € {1,2,3} it must be assured that the struc-
ture of the particular simplicial complex is valid at any time. One key issue is the compli-
ance of neighbourhood information of the net elements. A change of such information
would result in a violation of the simplicial complex structure within a time interval. This
should only be possible during an explicit change of the net topology and is than handled
appropriately, cf. Section 3.3.

Another important constraint that refers to the compliance of the simplicial complex
structure is a correct behaviour of border regions. These are particular vulnerable if a 4D
model consists of multiple net components or immobile parts that are handled by the
concept of Delta Storage, cf. Sections 3.2 and 3.5. In such a case the net topology must
be in a consistent state within the entire time interval. It is the responsibility of the de-
veloper of a 4D model to consider these issues and to obtain the consistency of the net
topology during the entire time interval. An implementation of the comprehensive data
management model might report a violation but cannot solve it automatically. In practice
such constrains are already respected during the construction of a single time step, i.e. a
3D model. This is partly due to the constraints which are imposed by 3D modelling tools
such as GOCAD.

Another issue concerns thematic and semantic data. Currently the comprehensive model
has advanced capabilities for handling such data at net elements and construction ele-
ments. Although the issue of interpolation was addressed for the geometric part of the
model, there is no solution for an appropriate interpolation of thematic or semantic data.
Currently thematic and semantic data are considered to be constant between two time
steps.
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4 Infrastructure for the Dissemination of
Spatio-Temporal Data

The access to a central and common data storage is a key issue for a productive and col-
laborative workflow. To address this issue, Web services are used for the realization of
data infrastructures and provide a regulated access to such data storages, cf. Chapter 2.5.
Thus, multiple clients and users can simultaneously access the latest information and
work on a common data basis.

In this chapter a generic approach for the dissemination of spatio-temporal data is pre-
sented. The requirements on an effective data infrastructure for spatio-temporal data
are examined in Section 4.1. Subsequently, the individual components of such an infra-
structure are investigated and illustrated. Explicit concepts for the realization of Web ser-
vices for spatio-temporal data are presented and implemented in Section 4.2 and 4.3,
respectively. These form the foundation for a standardized data exchange between vari-
ous client applications, such as generic mobile GIS, cf. Chapter 5.

4.1 Requirements on a Web Service for Spatio-
Temporal Data

To provide spatial and spatio-temporal data through a network interface to multiple user
or client applications, it is essential to build an effective data infrastructure with appro-
priate Web services. Such a Web service for spatial data is also referred to as Geo-Web-
service. The main task of a Geo-Webservice is the bi-directional transfer of spatial and
spatio-temporal data. For this purpose, it is necessary to reply to requests from client
applications and to transmit the corresponding data in a format that can be handled by
such a client. It was proven that the use of standardized access methods is of crucial im-
portance in order to cover a broad spectrum of client applications [Nogueras-Iso, 2005].
In terms of spatial data handling the development of such standards has mainly been
influenced and promoted by the OGC, cf. Chapter 2.5.1. This includes the realization of
the INSPIRE directive within the EU member states [INSPIRE, 2007].

The rough structure of a Geo-Webservice can be described as follows: on the server side,
where the actual Web service is running, a data source is available, e.g. a geodatabase.
Such a data source either contains the appropriate data or is able to store new infor-
mation. It is also possible that a Geo-Webservice provides both options. The data speci-
fied by a request can either be transmitted to the client or integrated into the data source
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that is linked to the Web service. Usually such a service is realized as a client-server com-
munication via the Internet and primarily serves as an interface for the exchange of data.
For the implementation of Web services design patterns such as REST or SOAP can be
used, which were introduced in Chapter 2.5.

In addition to the transfer of spatial and spatio-temporal data, a spatio-temporal Web
service should offer the option to invoke various operations. The following list summa-
rizes the requirements on a Web service for spatio-temporal data:

Data-retrieval operations.

Option to add or modify data.

e Various spatial queries, e.g. bounding box (BBox) queries.

e Various spatio-temporal queries, e.g. on the spatio-temporal representation of ob-
jects.

Spatial or spatio-temporal operations on available data such as an interpolation or
the average speed of objects.

The data retrieval for spatio-temporal data differs from the query of purely spatial data.
Referring to spatial data, the return value can be determined by one or more of the fol-
lowing attributes:

e A unique identifier, e.g. object-ID.
e Arange query using a BBox.
e Semantic or thematic attributes, e.g. type = highway.

Referring to spatio-temporal data, the result of a request may also be determined by
these attributes, but the attribute time is added as an additional parameter. Accordingly,
when handling spatio-temporal queries the following temporal parameters are taken into
account:

e Time step, an explicit time step of the amount of time steps that are part of a 4D
object.

e Time interval, a subset of the time interval that is valid for the correspondent 4D
object.

e Time, a specific date within the valid time interval of a 4D object.

Referring to Web services it is common to clearly separate the process of transferring the
data from the invocation of operations. When processing purely spatial data such opera-
tions are, e.g. intersect or contains. Web services for spatio-temporal data should provide
access to spatio-temporal operations. As mentioned before, the requests of such opera-
tions need to include additional temporal parameters such as time intervals, time steps
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or particular dates that need to be processed accordingly. Typical examples of spatio-
temporal operations on two spatio-temporal objects A and B implemented within this
thesis are:

e A covers B: checks if object A covers object B, i.e. if A 2 B within a time interval
[tstart, fend].

e A contains B: checks if object B is always completely contained in object A, i.e. if
A D B and border(A) N border(B) = @ within a time interval [tstart, tend].

e A intersects B: checks if the two objects A and B intersect, i.e. A N B # @ within a
time interval [fstart, tend].

e Interpolation (A): the object A gets interpolated for a specific date & € [fstart, fend].

e AverageSpeed (A): calculates the average speed of object A.

In addition to the indicated functionality of a Web service for spatio-temporal data the
interoperability of such a service is of crucial importance. A Web service should be usable
by a large amount of different client applications and the implementation of new client
applications should be kept simple.

4.2 Realization of Web Services for Spatio-Temporal
Data

Web services form the foundation of a data infrastructure and are frequently used in
different applications. For this purpose, various Web technologies were developed such
as Simple Object Access Protocol (SOAP), Web Services Description Language (WSDL), Uni-
versal Description, Discovery, and Integration (UDDI) [Alonso et al., 2004] and Represen-
tational State Transfer (REST) [Fielding, 2000], which were partly introduced in Chapter
2.5.1. The wide variety of Web services and Web technologies is partly due to different
application scenarios and also a historical evolution. In this section the structure of Web
services for spatio-temporal data is realized based on Web technologies that are most
suitable to meet the discussed requirements.

For the separation of requests of spatial data and the call of spatial operations with the
Web Feature Service and the Web Processing Service two independent standards for the
development of Web services have been established by the OGC, cf. Chapter 2.5.1. These
standards define operations as well as important parameter values that must be provided
by such a Web service. The concept of an infrastructure for the dissemination of spatio-
temporal data is based on these two standards to ensure the highest possible level of
interoperability and to benefit from already established software components.
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For the transfer of spatial data that is developed according to the Simple Feature Access
standard, the OGC standard Web Feature Service is already popular?®. However, the data
model of this thesis is based on d-simplicial complexes and differs fundamentally, cf.
Chapter 2.3.2. Therefore, two Web services for spatio-temporal data based on d-simpli-
cial complexes are presented in the following. These use conventional WFS and WPS
standards as a basic principle.

4.2.1 Web Feature Service

Spatio-temporal data should be available via a Web service for various client applications.
To simplify an implementation of the communication interface on the client side and to
exchange information with a broad base of already existing clients, the WFS standard of
the OGC forms the basis of this Web service. The main focus is on the dissemination of
spatio-temporal data by an appropriate realization of the operations, which are required
according to the standard, cf. Chapter 2.5.1.

In Section 4.1 the requirements on a Web service that is specialized in spatio-temporal
data have been described. These form the basis of the subsequent development of a Web
service for the dissemination of spatio-temporal data. The result set of a query is not only
determined by spatial, semantic or thematic attributes, but also by temporal attributes.
Such a behaviour can be controlled with the help of WFS operations. In the backend re-
guests are processed by a geodatabase that implements the comprehensive data man-
agement model presented in Chapter 33C. Therefore, the operations of an appropriate
spatio-temporal WFS are structured as follows:

GetCapabilities

Presentation of general information about the WFS including a list of all available
feature types. In this case a feature type corresponds to a 4D object, managed
within a 3D/4D geodatabase.

DescribeFeatureType

Describes a specific feature type, i.e. a specific 4D object. This includes the name of
the 4D object, the geometry type and a description of additional attributes incl.
their data types. An important attribute is the time interval that describes the valid

29 Supported by PostGIS, Q-GIS, GeoServer among others.
30 An exemplary implementation based on DB4GeO is part of Chapter 5.3.
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time interval of the 4D object. Another important attribute is interpolation that de-

scribes the type of interpolation used, e.g. linear interpolation.

GetFeature

A GetFeature request depends on the parameters that are provided through the

request. If a complete feature type is requested, the result of this request is the

entire 4D object, including all available time steps. When providing a timestamp, an

explicit representation of the 4D object for this specific date can be requested. Such

a representation (i.e. a 3D object) is generated in the backend by the geodatabase

(e.g. by linear interpolation) and transferred to the client afterwards. In addition,

the return object can be specified by the use of semantic or thematic attributes,

e.g. type = sandstone.

These three operations form the basis of a WFS for spatio-temporal data. In this case the

actual data is handled by a 3D/4D geodatabase in the backend.

Each operation includes various parameters that are specified within a request. Some of

these parameters are optional, whereas others are mandatory. An overview of the rele-

vant parameters is presented in Table 5.

Table 5 - Parameter for a spatio-temporal WFS query

Parameter Definition Potential values
SERVICE Particular spatio-temporal service WES
REQUEST WES request operation GetCapabilities, Describe-

FeatureType, GetFeature
VERSION WES version 1.1.0

TYPENAME Specification of the spatio-
temporal data
TIME Specification of the date

MyNew4DSpace:Piesberg

1989-01-01T00:00:003!

It is possible to invoke requests to the WFS via a HTTP GET call on a corresponding URL.

Therefore, a GetFeature query is assembled as follows:

http://localhost/myWFSService/wfs?REQUEST=GetFea-
ture&TYPENAME=MyNew4DSpace:Piesberg&VERSION=1.1.0

31 Time format: ccyy-mm-ddThh:mm:ss - https://www.w3.org/TR/NOTE-datetime
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This specific request has no information about a particular date. At this point the WFS
supplies the entire 4D object. If a specific timestamp of a 4D object is requested, the
information must be provided within the request. Furthermore, the submitted date must
be included within the time interval of the corresponding 4D object. Such a time interval
can be requested, e.g., via a DescribeFeature query. A GetFeature request on a 4D object
for a specific date is composed as follows and responds with a 3D object:

http://localhost/myWFSService/wfs?REQUEST=GetFeature&TY
PENAME=MyNew4DSpace:Piesberg&VERSION=1.1.0&TIME=1989~-
01-01T00:00:00

As an alternative to GET requests on a particular URL it is possible to use POST requests
with an XML document, cf. Chapter 2.5.1. Here the corresponding parameters, cf. Table
5, are integrated into the document as XML tags.

In both cases the requests are forwarded to a geodatabase. An overview of the structure
of a WFS for spatio-temporal data is shown in Figure 61.

Spatio-temporal database

-~

Data exchange

WebFeatureService
Implemented for spatio-temporal data

L

GetCapabilities - DescribefeatureType - - GetFeature

Client applications
3D Modelling Tools, Mobile GIS, etc.

Figure 61 - Structure of a WFS for spatio-temporal data.

An explicit implementation based of the open source REST-framework library Restlet is
part of Section 4.3.1.

4.2.2 Web Processing Service

Spatio-temporal operations shall be provided to various client applications via a Web ser-
vice. A standardized approach provides such operations to a wide variety of clients and
facilitates a simple implementation of new client applications. For this reason, the WPS
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standard of the OGC forms the basis for such a Web service. This Web service focuses
exclusively on the provision of operations and analysis functions. For a realization of the
WPS standard at least three operations are required by the standard and need to be im-
plemented, cf. Chapter 2.5.1.

Following the principles of the WPS standard, the spatio-temporal operations and analy-
sis functions are implemented and provided as processes. Each process operates inde-
pendently and with an individual set of input parameters. In the backend such requests
are processed by a GIS or a 3D/4D geodatabase. The minimal set of required operations
for a WPS for spatio-temporal data are structured as follows:

GetCapabilities

Provides general information about the WPS and delivers a list of available spatio-
temporal operations that can be handled by the service. Such a list can be used by
client applications to represent an overview of the capabilities of the specific WPS.

DescribeProcess

Provides detailed information about a specific spatio-temporal operation. This in-
cludes a brief description of the operation itself and a list of all required and op-
tional input parameters including their data types. In particular, among others
these input parameters include the specification of a timestamp or a time interval
and the involved data that is required for a specific operation.

Execute

This operation starts a specific process. For this purpose, the corresponding and
sometimes optional input parameters are submitted. The return value can be spec-
ified without restrictions and can be determined by an optional input parameter.
The actual procedure takes place in the backend, e.g. in a 3D/4D geodatabase. Ad-
vanced spatio-temporal operations are, e.g. averagespeed (A), A intersects B or
A contains B.

The three operations GetCapabilities, DescribeProcess and Execute form the foundation
of a WPS for spatio-temporal data. The actual processes are performed within a 3D/4D
geodatabase. Requests are invoked via a HTTP GET call to a corresponding URL. There-
fore, the corresponding parameters must be committed in a key-value pair (KVP) repre-
sentation. Table 6 provides an overview of suitable parameters.
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Table 6 - Parameter for a spatio-temporal WPS query

Parameter Definition Potential values
SERVICE Particular spatio-temporal service WPS
REQUEST WPS request type GetCapabilities, DescribeProcess,

Execute
VERSION WPS version 1.0.0
IDENTIFIER Particular spatio-temporal averagespeed, intersect, contains

operation

DATAINPUTS Additional data input TIME=1989-01-01T00:00:00;

Spacename=MyNew4DSpace;
Objectname=Piesberg

Atypical execute request for the invocation of an intersect process is composed as follows
(red = required parameters):

http://localhost/myWPSService/wps?REQUEST=Execute
&IDENTIFIER=Intersect&VERSION=1.0.0
&DATAINPUTS=[0ObjectIDl1=23;0bjectID2=42;
TimeStart=1989-01-01T00:00:00; TimeEnd=1991-01-01T00:00:00]

This query returns the value true, if there is an intersection between the two objects 23
and 42 within the time interval [1989-01-01T00:00:00, 1991-01-01T00:00:00] and
false otherwise. The required input parameters and the correspondent data types for
this request can be inquired via a DescribeProcess query. Different return values can be
specified for other processes.

An alternative to the HTTP GET requests on a particular URL is a HTTP POST request with
an XML document. In each case such requests are forwarded to a 3D/4D geodatabase or
a GIS in the backend and is processed accordingly. An overview of the structure of such a
WPS for spatio-temporal data is shown in Figure 62.
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Spatio-temporal database

F 3

Invocation of operations

WebProcessingService
Implemented for spatio-temporal data

GetCapabilities - DescribeProcess Execute

Client applications
3D Modelling Tools, Mobile GIS, etc.

Figure 62 - Structure of a WPS for spatio-temporal operations and analysis functions.

An explicit implementation based of the open source REST-framework library Restlet is
part of the following section.

4.3 Implementation and Integration into a 3D/4D
Geodatabase

Due to an implementation of Web services for spatio-temporal data, a link to various
clients such as generic mobile GIS can be established. During the design of such Web
services the processing of requests for spatio-temporal data and spatio-temporal analysis
capabilities were clearly separated and divided into two independent Web services. How-
ever, both Web services (WFS and WPS) are based on the same foundation as the work-
flow and the request handling basically follow the same principles.

First, it must be determined how to address the Web service. The specifications of the
WES and WPS instruct that queries are directed to an appropriate URL in two different
ways: using a KVP-technique or with the help of XML documents, cf. Chapter 2.5. Basi-
cally, an OGC Web service can be rather associated to the category of SOAP services since
requests are particularly specified by the use of XML documents. However, the imple-
mentation of a proper SOAP interface is optional and a pure REST interface is currently
still under development, cf. Chapter 2.5.1. For this reason, the two common standard
methods (KVP and XML) are implemented within this thesis. Therefore, the following
modules are required:
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o A Web Application Framework (WAF) for the processing of URL requests and the
transport of data via the HTTP.

e An XML parser for the processing of XML requests.

e Connection to a 3D/4D geodatabase for the processing of spatial and spatio-tem-
poral operations in the backend.

For the specific implementation of the Web services the Restlet3? framework is used as a
WAF. This framework provides an appropriate solution for the processing of the HTTP
request types GET and POST and can be implemented directly on top of the API of a
3D/4D geodatabase. Due to a direct access of the APl it is possible to maximize the func-
tionality of the Web services. There are two types of XML parser to choose from, which
differ fundamentally from each other: Document Object Model (DOM) and Simple API for
XML (SAX). In this case a SAX parser is used due to a better memory handling. The 3D/4D
geodatabase in the backend is realized by the geodatabase architecture DB4GeO, cf.
Chapter 2.4.1 and 5.3.

4.3.1 Web Feature Service

The implementation of the WFS for spatio-temporal data is based on a WFS that was
implemented for the exchange of 3D data based on d-simplicial complexes [Breunig et al.,
2013b]. Therefore, an existing REST-based data access and processing framework for 3D
data is used [Breunig et al., 2013a].

The main classes for the development of the WFS are the classes OGCServer and OG-
CServices. The class OGCServer starts the actual server on a system. Therefore, a
port, e.g. 8182 must be specified. Afterwards the server is accessible via a specific URL,
e.g. http://myServer.gik.kit.edu:8182. Requests are accepted at this URL.
Therefore, so called resources are assigned to specific paths of the URL. Specific requests
are assigned to corresponding resources and are processed further in appropriate clas-
ses. Following this approach, the WFS resource class WFSObjectResource was de-
veloped for the handling of specific KVP-requests and is registered as follows:

router.attach ("/{projectname}/wfs?{query}",
WESObjectResource.class);

32 Restlet framework — an open source framework for the development of RESTful APIs:
http://www.restlet.org
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The class WFSObjectResource is a standalone resource class that is based on the

class BaseResource. Here, the actual processing of the WFS request takes place. Ini-
tially, the request type (GetCapabilities, DescribeFeatureType or GetFeature) is deter-
mined and the parameters of the request are prepared accordingly. Depending on the
request type a result is prepared, e.g. for a DescribeFeatureType request an XML docu-
ment that contains the information about the 4D object is sent to the client. An overview

of the class WFSObjectResource is illustrated in Figure 63.

<<Java Class>>

®WFSObjectResource

WFS.resources

o kvp: HashMap<String, String>

o metadata: HashMap<String,String>
o transinsert: HashMap<String, String>
o spacename: String

o response: Document

& WFSObjectResource()

@ allowPost():boolean

@ getContainer(): ObjectContainer

@ accept(String):Representation

@ parseXMLRequest(Document):void

@ represent():Reprasentation

@ parseQuery(String):void

@ getCapabilitiesResponse():Representation

@ easyCapabilitiesResponse():Representation

@ realCapabilities Response(): StringRepresentation
@ addFeatureType(ObjectdD,Element):Element

® addNamespace(String):Namespace

@ describeFeatureTypeResponse():Representation
@ realDescribeResponse(): StringRepresentation

@ easyDescribeResponse():Representation

@ addComplexType(Namespace):Element

® getFeatureResponse():Representation

@ getWebGLResponse():Representation

@ getShapeResponse():Representation

@ getGocadResponse():Representation

@ easyGetFeatureResponse():Representation

@ getTransactionResponse():Representation

@ realGetFeatureResponse(): StringRepresentation
@ basickKVP():boolean

@ getWFSResponse():Representation

@ MissingBasicKeysError():StringRepresentation
B setSpaceAndObjectNames():void

Figure 63 - UML class diagram of WFSObjectResource.

For the handling of POST requests that are used with XML documents, the resource class

is registered as follows:

router.attach ("/{projectname}/wfs",
WESObjectResource.class);
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In such a case the requests are processed in the class WFSObjectResource. The
method accept was explicitly developed for the handling of POST requests. The sub-
mitted XML document is processed using a SAX parser that prepares the information ac-
cordingly. Subsequently, e.g. for a GetFeature request, the corresponding spatio-tem-
poral data is queried directly from the 3D/4D geodatabase and is delivered to the client
via HTTP. The client can specify an optional request parameter "output format" to choose
between the output formats GOCAD and WebGL.

An overview of the implementation of the WFS for spatio-temporal data based on the
Restlet framework is illustrated in Figure 64.

Spatio-temporal database
e.g. DB4GeO

Direct APl access

RESTIet

A RESTful API framework

Web Feature Service

BaseURL +
REQUEST=GetFeature&VERSION=1.1.0&TYPENAME=Piesberg
&TIME=1989-01-01T00:00:00&0UTPUTFORMAT=GOCAD

A

HTTP

Request Data

Client applications

Figure 64 - Implementation of the WFS for spatio-temporal data based on the Restlet
framework.

4.3.2  Web Processing Service

The WPS for the provision of spatio-temporal operations and analysis functions is based
on first attempts on a WPS for a 3D geodatabase [Breunig et al., 2013b]. The main classes
for the development of the WFS are the classes OGCServer and OGCServices, the
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same as for the WFS. The resource class WPSObjectResource preprocesses all WPS
gueries and is registered for handling of KVP-based requests as follows:

router.attach ("/{projectname}/wps?{query}",
WPSObjectResource.class);

The class WPSObjectResource is a standalone resource class that is derived from the
class BaseResource. In this class the actual processing of the WPS request takes place.
Initially, the request type (GetCapabilities, DescribeProcess or Execute) is determined and
the parameters of the request are prepared accordingly. Depending on the request a re-
sult object is prepared: e.g. for a DescribeProcess request an XML document is sent to
the client that contains the information about the process that was specified in the query.
An overview of the class WPSObjectResource is illustrated in Figure 65.

<<Java Class>>

(®WPSObjectResource

WPS resources

a RequestEntity: Document

o projectname: String

8 spacename: String

o pbjectname: String

o attributes: HashMap=String, String>
nFcIatamap: HashMap=String, String=
o ermorReport: ErmorReport

& WPSObjectResource()

@ acceptGet():Representation

@ acceptPost(String):Representation

@ allowPost():boolean

B checkAttributes(HashMap<String, String[]=): boolean
B describeProcessResponse():Representation

B executeResponse():Representation

B getCapabilitiesResponse():Representation

@ getContainer(): ObjectContainer

@ getWPSResponse():Representation

@ missingAdditionalKeysDPEmor): StringRepresentation
B parseRequestParameters()-void

Figure 65 - UML class diagram of WPSObjectResource.

For the handling of POST requests at which XML documents are used for the specification
of a query, the appropriate resource class is registered as follows:

router.attach ("/{projectname}/wps",
WPSObjectResource.class) ;

The requests are processed within the class WPSObjectResource. The method ac-
cept handles such POST requests. The submitted XML document is processed by a SAX
parser and the information of the XML document is prepared accordingly. Subsequently,
e.g. for an Execute request, the corresponding spatio-temporal data is processed directly
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within a 3D/4D geodatabase. Afterwards the result is delivered to the client via HTTP.
There are different results depending on the process. For instance, the process averag-
espeed returns a double value.

Spatio-temporal objects that are specified within a request are managed in a 3D/4D geo-
database, e.g. DB4GeO. An overview of the implementation of the WPS for spatio-tem-
poral data based on the Restlet framework is illustrated in Figure 66.

Spatio-temporal database
e.g. DB4GeO

Direct APl access

RESTlet
A RESTful API framework

Web Processing Service

BaseURL +
REQUEST=Execute&IDENTIFIER=averagespeed&DATAINPUTS=
[Spacename=MyNew4DSpace;Objectname=Piesberg]

r 3

Request HTTP Result

Client applications

Figure 66 - Implementation of the WPS for spatio-temporal data based on the Restlet
framework.

With the development of the two Web services WFS and WPS an interface between a
spatio-temporal database and various client applications such as 3D modelling tools and
mobile GIS has been established. It was shown that the adaptation of these two OGC
standards is a suitable basis for the dissemination of spatio-temporal data and spatio-
temporal operations. An implementation of the data management model for spatio-tem-
poral data can be a suitable data source for such Web services, cf. Chapters 5.3 and 6.3.
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5 Generic Mobile GIS

There exist two major groups of mobile applications that work with geodata: location
based services (LBS) and mobile GIS. The majority of such applications focus on 2D data,
cf. Chapter 2.6. Within this chapter a generic mobile GIS for spatio-temporal data is de-
veloped. First, a general concept for a generic and application-independent mobile GIS
for professional users is presented in Section 5.1. In Section 5.2 this concept is extended
to meet the specific requirements of a generic mobile GIS for spatio-temporal data. Sec-
tion 5.3 describes the server-side implementation of the comprehensive data manage-
ment model for the handling of spatio-temporal data that was presented in Chapter 3.
Combined with the data infrastructure that was developed in Chapter 4 the preconditions
for a realization of a generic mobile GIS for spatio-temporal data are given. The realization
of such a generic mobile GIS for spatio-temporal data is presented in Section 5.4.

5.1 Concept for a Generic Mobile GIS

First, the general requirements of a generic mobile GIS application for professional users
are defined as follows:

e Visualization of spatial data, including highlighting, generalisation, symbolising, etc.

e Integration into an existing geodata infrastructure to exchange spatial data (with
appended attributes and meta-data) bidirectionally, i.e. to be capable of survey-
ing new spatial data.

e Support of a large set of different applications such as public transport, surveying
of vegetation, land registry or others that visualize and/or survey geodata, with
and without attributes and meta-data.

e Arrangements and precautions to avoid an invalid data input and provide a con-
sistent spatial data stock.

The main requirements of a standardized mobile GIS for professional users are a suitable
user interface, an appropriate integration into an existing geodata infrastructure, and the
potential to adapt the application to the users' needs. To meet these requirements, it is
necessary to have a closer look at the data model, the process of exchanging spatial data
and the user interface with its capabilities of interpreting the users' input. Thus the use
of the following concepts is proposed:

e Deployment of OGC Web services, e.g. WebMapService (WMS) [OGC WMS] and
Web Feature Service (WFS) [OGC WFS] for a standardized and conventional spa-
tial data communication following the INSPIRE guidelines [INSPIRE, 2007].
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Standardized and generic visualisation and symbolization following the rules and
concept of OGC Styled Layer Descriptor (SLD) [OGC SLD].
OGC WFS-T (transactional) concept to provide application dependent templates for

the surveying of spatial data including attribute data and meta-data.
Use of the Simple Feature Access (ISO 19125 standard) [OGC SF].
OGC WEFS-T concept to ensure exclusively predefined and suitable data types (con-

sistency checking). The locking mechanism provide a reliable multi-user support.

The main purpose of professional mobile GIS is to visualize, survey and edit spatial data,
with and without attributes or meta-data. When it comes to visualization the user expects
a clear focus on the current workflow and the spatial data that is involved.

Regarding the user interface the mobile GIS application has to provide an adapted ar-
rangement of buttons and other suitable input tools for the professional user to support
the particular task. Previous work done in this field target the reduction of the cognitive
load for the user to finish a certain task [Raubal and Panov, 2009], [Doyle et al., 2010] and
[Kadlec et al., 2012].

Regarding the visualization of spatial data, there are two options to achieve an adaptable
and generic rendering: either the mobile GIS application itself takes control of a suitable
visualisation of the spatial data or the visualisation is handled by using the SLD standard.
The second option obviously is more generic, but is also more challenging, due to the fact
that the mobile GIS application has to interpret SLD files for the matching geodata. As
generic mobile GIS application should be as generic and adaptable as possible SLD files
shall be used for the visualisation of spatial data.

A professional and generic mobile GIS application should be capable to communicate
with as many data sources as possible. Therefore, one of the most disseminated commu-
nication concepts for the exchange of spatial data is used: OGC Web services. These Web
services, especially the WMS (capable of delivering already rendered geodata in form of
tiles, e.g. for a base map) and the WFS (capable of handling vector based geo data, e.g.
point, line, and polygon) are widely used and reviewed as well as tested in many different
applications for the exchange of spatial data. Additionally, the coverage of such Web ser-
vices is still extending due to the realization of the INSPIRE directive within the European
Union. To maximise the coverage of possible sources for spatial data the two mentioned
Web services shall be implemented within a generic mobile GIS application. Figure 67
illustrates the requirements of a generic mobile GIS for professional users and possible
concepts for a realization of such a system.
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Requirements of "
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Figure 67 - Requirements of generic mobile GIS for professional users.

Although there is only one main task for most mobile GIS and LBS applications, namely to
visualize and/or survey new spatial data, there are countless different highly specialized
mobile GIS and LBS applications available on the market. Almost all of these applications
are designed to support the user in only one specific task or issue [Han et al., 2015],
[Zajickova, 2015], [Kang et al., 2015]. This implies several applications that often differ
only in a nuance. A generic mobile GIS, however, should be capable of dealing with sev-
eral different tasks. To achieve this goal, it is necessary to have a closer look at different
mobile GIS and LBS applications. Whenever the function of a mobile GIS or LBS applica-
tion is to visualize spatial data in a certain way, it is likely that the use of the SLD concept
solves this task. Due to the SLD concept it is possible to affect the appearance of raster
and vector based geo data in a mobile GIS or LBS application in several ways, e.g. colour,
size, symbolization.

If the mobile GIS needs to deal with additional information, e.g. meta-data or attribute
data of a certain spatial object, this information is queried in a standardized way by using
the concept of a WFS. For such tasks the GetFeature function of the WFS concept is ap-
plied to solve queries such as "Is this building a fire station?" or "What type of tree do we
have here?". Most of such information is available for objects and is provided by the data
infrastructure, i.e. a geoserver. In some cases, it is possible to calculate such information
on the server by using a WPS. Following this approach, it is possible to answer queries of
the type "How large is the area covered by this certain object?". Due to these Web ser-
vices it is possible to access additional information about spatial objects in a prescribed
way. The mobile GIS application needs to parse the query result and visualize the infor-
mation for the user in a suitable way.

Another important issue of a mobile GIS application for professional users is the exten-
sion of the data pool by surveying new spatial data or by altering already existing data.
When it comes to survey new spatial data any kind of application requires the realization
of several constraints: usually the user intends to store additional data as meta-data (e.g.
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estimated accuracy=5 meters) and attribute data (e.g. type=tree, height=8 meters) linked
to spatial data. The concept of the WFS-T is capable of fulfilling these needs for points,
lines and polygons (with and without holes), which cover most of the application areas of
mobile GIS. The mobile GIS application itself just needs to provide a suitable template for
the user to enter such data. Following the WFS-T concept all templates for specific spatial
data are predefined before the user goes out in the field to survey new data. This may
seem to be a disadvantage at the first sight due to less flexibility for the user, but it is
actually a huge advantage to obtain the consistency of spatial data. Quality and con-
sistency of data [Neis et al., 2011] is one of the key challenges when surveying spatial
data. Due to the use of the WFS-T concept the data that are surveyed by the userisin a
consistent state and input errors (wrong data types, misspelled names, etc.) are reduced
significantly. All attribute names are predefined by the indoor services and have an ap-
propriate storage space on the geoserver. New attribute types including the parameter
values can be defined in the office instead of creating them in the field. Following these
rules, potential errors like spelling errors and invalid parameter values are avoided. Figure
68 illustrates the structure of a workflow for a generic mobile GIS.

Office Server Field
WMS WMS
(e.g. Base map, (e.g. Base map,
< orthophotos orthophotos) Professional and
Desktop GIS WMS/WFS-T Server eneric mobile GIS
(e.g. qGIS) (e.g. GeoServer) g .
WES WES-T (e.g. GeoTechMobile)
(e.g. SF-based vector (e.g. SF-based vector
data) data)
DataStore
(e.g. PostGIS)

Figure 68 - Structure of a workflow for a generic mobile GIS.

One of the most advanced functionalities of mobile GIS is to extend or alter already ex-
isting data in different ways. This includes the spatial data itself or its attribute and
meta-data. One way to achieve this functionality is to follow the rules of the locking mech-
anism of WFS-T. Therefore, it is possible to establish a lock on certain spatial data for a
certain amount of time. Within this duration only the system that allocated the lock is
allowed to alter the data. This concept is used to alter or update either the spatial data
itself or the meta-data respectively attribute data [OGC WFS]. It also sorts out multi user
issues by prohibiting other users to acquire a lock for the same data for an overlapping
time interval.
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Suitable for most 2D applications and already frequently used is the Simple Feature Ac-
cess standard (ISO 19125) [OGC SF]. The characteristics and special requirements of a
mobile GIS for the handling of three-dimensional or spatio-temporal data are discussed
in the following chapter.

5.2 Special Characteristics and Requirements for Spatio-
Temporal Data

The approach for a generic GIS for professional users that was described in the previous
sectionisi.a. based on a number of concepts developed by the OGC. These were primarily
developed for conventional 2D GIS applications and the processed data is based on the
Simple Feature Access data model. There are additional requirements for applications
that deal with spatio-temporal data, especially if the data is based on the data model of
d-simplicial complexes, cf. Chapter 2.2. Applications that use this kind of data are often
originated in the research fields of geothermal energy, geophysics and geomorphology.
Therefore, surface- and subsurface-structures of the earth are modelled with appropriate
thematic and semantic data. Corresponding 4D models are developed i.a. on the basis of
bore holes, seismic recordings, terrestrial surveying or by the use of photogrammetric
methods. The complexity that is required for the construction of such a model cannot be
solitary placed into a mobile GIS application. Therefore, the focus of mobile GIS for such
models is on the visualization of the data and on the provision of additional attributes and
meta-data rather than on the construction of such models. In addition, analysis functions
and spatio-temporal operations shall be provided. Thus, the concept of the OGC Web
service WFS-T to survey new spatio-temporal data is of no interest for this application
area.

The adaption of the concept for a generic mobile GIS presented in the previous section
onto the handling of spatio-temporal data is divided into two parts: data visualization and
data transfer.

Requirements for the visualization of spatio-temporal data on a generic mobile GIS

The visualization of spatio-temporal data that is based on the model of d-simplicial com-
plexes is delegated to the visualization of a model m (k) that represents the state of the
4D model m for a specific time # € [tstart, fend]. For the visualization of such 3D models
particular methods are needed that provide a three-dimensional impression on a two-
dimensional output device such as a tablet or smartphone. For this purpose, it is common
to work with sources of illumination and shadows [Phong, 1975]. Another important issue
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is the interaction with these objects. The handling is different compared to the interac-
tion with two-dimensional data. Objects shall be rotated and panned within the space to
be examined from different perspectives. A special feature of the visualization of three-
dimensional data is the augmented reality (AR) mode, whereas the camera image of the
device is superimposed with spatio-temporal data. Therefore, an exact location of the
device and also the viewing direction is needed. The use of location sensors such as the
GNSS sensor, compass and the gyroscope is essential. In addition, photogrammetric
methods can support the correct representation of the spatio-temporal data on the
screen [Urban et al., 2013].

In order to visualize the temporal component of a 4D model, the interpolation between
different time steps of the model can be realized as a continuous morphing process. Par-
ticularly, when handling larger amounts of data high demands on the computing power
of the hardware are expected. The consideration of the temporal component by the vis-
ualization of individual 3D models, which correspond to specific states within the time
interval of the 4D model, significantly reduce the demands on the computing capacity.
This approach also corresponds to the use of spatio-temporal data within frequently used
modelling tools, cf. Chapter 2.3.

The visualization of the data depends on the application. In many cases it is sufficient to
solely illustrate the spatial part of the data. But if attributive or semantic data are availa-
ble (e.g. a temperature profile) the OGC standard SLD is used to describe an appropriate
representation.

Requirements for the transfer of spatio-temporal data to generic mobile GIS

The WEFS for spatio-temporal data, realized in Chapter 4.2.1, can be used to transfer spa-
tio-temporal data to a generic mobile GIS. Following this approach, the data transfer is
standard compliant and individual components such as the database server remain re-
placeable. For a practical transfer of data any format can be selected. However, it is ad-
visable to choose a format which uses as little storage as possible to reduce the amount
of data that needs to be transferred.

For the invocation of spatio-temporal operations upon the data the WPS OGC standard
can be used. The actual process takes place on the server side and afterwards the result
can be transmitted to the mobile GIS. Such a WPS was presented and realized in Chapter
4. An overview of a suitable geodata infrastructure for spatio-temporal mobile GIS is il-
lustrated in Figure 69.
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Spatio-temporal Database
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API, SQL API, SQL
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Figure 69 - Communication between a spatio-temporal database and a generic mobile GIS
for spatio-temporal data.

For the realization of a generic mobile GIS for spatio-temporal data a geodatabase that
implements the proposed data management model for spatio-temporal data has to be
implemented, cf. Chapter 3. Such a geodatabase forms an important part of the backend.
It handles appropriate data and processes spatio-temporal operations. The implementa-
tion of such a geodatabase is subject of the next section.

5.3 Server-Side Implementation

For a proper realization of a generic mobile GIS for spatial-temporal data, the data man-
agement model for spatio-temporal data needs to be implemented on the server side as
presented in the following. First, it is outlined how the model is integrated into the data-
base architecture DB4GeO, which forms the basis of the implementation, cf. Chapter
2.4.1. Subsequently, the implementation of the data management model is described in
detail. Typical algorithms are demonstrated in the form of Java code. The software itself
is available as free open source software33.

33 Db3dcore can be found at https://github.com/geodb/db3dcore
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5.3.1 Integration of the Data Management Model into DB4GeO

As pointed out in Chapter 2.4 an object-oriented DBMS is an ideal basic platform for the
management of complex geoscientific data. Therefore, the object-oriented geodatabase
architecture DB4GeO is used for the implementation of the data management model
presented in Chapter 3. In DB4GeO it is currently possible to create and manage spatial
models based on d-simplicial complexes with d € {0,1,2,3}. In addition, an existing project
management and a variety of tools can be used to invoke spatial operations and requests.
This preparatory work form an appropriate environment to integrate the comprehensive
data management model into the geodatabase architecture.

The majority of the developed classes are integrated into the core of the geodatabase
architecture (db3dcore), which is published as free and open source software?3. This
includes the basic geometry classes of the 4D part and the so-called builder classes to
compose new 4D objects from 3D models, cf. Chapter 2.3. Figure 70 illustrates the inte-
gration of the comprehensive data management model into DB4GeO.

db3dcore ‘ Component4D | ‘ ServicesFor4DObjects ‘
apl ‘ Element4D | ‘ SpatialObject4D ‘
3 ‘ Net4D | ‘ Tetrahedron4D ‘
impl
‘ Object4D | ‘ TetrahedronComponent4D ‘
model3d ‘ Point4D | ‘ TetrahedronNet4D ‘
newModel4d < | PointComponent4D | | Timelnterval |
structure ‘ PointNet4D | [ TimeStepBuilder ‘
. ‘ Segment4D | ‘ Triangle4D ‘
util
‘ SegmentComponent4D | \ TriangleComponent4D ‘
apl ‘ SegmentNet4D | ‘ TriangleNet4D ‘

Figure 70 - Integration of the package newModel4d into db3dcore.

The data management model for the handling of 4D objects is implemented on the same
level as the package for the handling of 3D objects to combine both, the geometry classes
for 3D and 4D in one module. Furthermore, classes and methods for the processing of
spatio-temporal data from ASCII files are realized as importer classes and are integrated
into the package db3d which is based on top of db3dcore. In addition, this package
includes different service classes for managing the net topology structure of 4D models.
The test environment, which is part of Chapter 6.1 is also part of this package.
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Import routines for a straight forward integration of GOCAD models were integrated into
the existing package operations.io.gocad. The following Figure 71 illustrates the
integration into the db3d package.

db3d — | Gocadimporter4D |

‘ Operations_iO.gocad < ‘ BoundaryEleAPITestCases‘

‘ SetupForAllFileTestCases |

‘ junittests.dbms.newModeldd <

SegmentServices \

N

‘ \ TetrahedronServices \

util |

TriangleServices ‘

Figure 71 - Overview of the integration into the db3d package structure.

Within the implementation of the data management model the concept of polymorphism
is frequently used. Therefore, parts of the implementation can be used for all dimensions
d € {0,1,2,3} of a d-simplicial complex. Among other things, important functions are ab-
stracted through interfaces. For instance, these are used in various service classes and in
several access methods. This approach was used within the entire development process
of DB4GeO. The following sections describe the development of key components of the
data management model in detail.

5.3.2 Development of a 4D Kernel

The structure of a 4D model that consists of an nD-net is represented by interfaces of the
geometry core. Such an nD-net may consist of multiple net components with different
temporal discretizations. These net components are composed of elements, i.e. nD-sim-
plices. The correspondent interfaces developed for this procedure are Net 4D, Compo-
nent4D and Element4D. These interfaces form the basis for the implementation of
the data management model and define methods that are valid for each correspondent
hierarchy level of all net dimensions d € {0,1,2,3}. Thus, large parts of the code base for
the construction of 4D models are used for all net dimensions, since the appropriate pro-
cedures work with methods of the respective interfaces.
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General structure of the 4D kernel

The class Object 4D mainly consists of the Spatial4D object that consistsofaNet4D
object. The Element4D objects of a net describe the net topology of a net and consist
of an amount of /Ds (1-4, depending on the dimension) that are assigned to individual
vertices. The vertices and the implementation of the Point Tube concept are managed in
the class Component4D by an associative storage of linked lists. Due to the association
of the elements within the Net 4D classes these elements are used across multiple com-
ponents, cf. Chapter 3.2. The structure of the entry class Object4D is illustrated in Fig-
ure 72.

An explicit Net 4D class was developed for all four net-dimensions which implement the
interface Net4D, i.e. PointNet, SegmentNet, TriangleNet and Tetrahe-
dronNet. The respective Net4D classes are associated with elements of the corre-
sponding simplex dimension, i.e. Point4D, Segment4D, TriangledD or Tetra-
hedron4D. The concept of the net components with different temporal discretizations
is realized with an amount of appropriate components, i.e. PointComponent4D,
SegmentComponent4D, TriangleComponent4D or TetrahedronCompo-
nent4D.

Object4D

1

1

Spatial4D

1

1

Net4D

[ N\

Element4D Component4D

|| =Interface || =Class

Figure 72 - Overview of the structure of an Object4D in DB4GeO.
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The data of a 4D model that consists of a time series is always mapped to the appropriate
classes. An explicit workflow is presented in Section 5.3.5. Within this process the individ-
ual sub-concepts of the data management model are used. In the following the imple-
mentation and the interaction of the individual sub-concepts are described based on var-
ious classes and methods.

Interface Net4D and explicit Net4D classes

Besides getter-methods for the data fields of explicit Net 4D classes, the methods to-
pologyChange (Date), addChangeTimestep (Date) and preparePost-
Object (Date) are declared in the interface Net4D. These are needed for the com-
position of a 4D model and for the realization of the topology change concept.

The explicit Net4D classes have various data fields. Most important are the associative
storages components(Integer,Component4D), timeIntervals(TimeIn-
terval,List <Integer>) and elements, a list of associative storages (Inte-
ger,Element4D). Components manages the net components with a corresponding
unique /D. Due to the ability to manage multiple components within a net, the concept
of different temporal discretizations is realized.

The time intervals that are managed in timeIntervals assign individual time inter-
vals to correspondent net components. An object of the type TimeInterval consists
of a start and end date, which describes an interval [fstart, tend[ and forms the scope
between a post- and a pre-object, cf. Chapter 3.3 and 3.6.2.

The list elements manages the elements of a net and therefore handles the net topol-
ogy, which is handled separated from the vertices, cf. Chapter 3.1. Each entry in this list
represents a net topology that is valid within a correspondent TimeInterval of the
list timeInterval. The respective Element 4D objects consists of IDs that are clearly
associated with the vertices managed in Point Tube structures within the Compo-
nent4D objects.

In addition, it is possible to optionally store references to construction elements at Tri-
angleNet4D and TetrahedronNet4D objects, i.e. segments for Tri-
angleNet4D objects and segments plus triangles at TetrahedronNet4D objects.
Therefore, the concept of an explicit storage of construction elements is realized, cf.
Chapter 3.4. Such construction elements are also managed in lists of associative storages
(Integer, Element4D) likewise the elements of a net.

To provide access to nets of different dimensions, the interface Net4D is implemented
by the classes PointNet, SegmentNet, TriangleNet and TetrahedronNet.
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Figure 73 shows the data field and method declarations using the class Tetrahe-
dronNet4D as an example:

<<Java Class>>

® TetrahedronNetdD
de.uos.igf.db3d.dbms. newModel4d

o components: Map<Integer,Component4D>

o timelntervals: Map<Timelnterval List<Integer=>>

o changeDates: LinkedList<Date>

o start: Date

o end: Date

a currentinterval: Timelnterval

o elements: List<Map<Integer,Element4D>>

o boundaryElements: boolean

o boundaryElements 1D: List<Map<Integer,Element4D>>

<<Ja\3 INHETI‘;;P) o boundaryElements2D: List<Map<Integer, Element4D>>
de.uos.igf.db3d.dbms.newModeldd (-)cTetrahedronNeMD(Date}
@ addBoundaryElement{Segment4D):void
© addChangeTimestep(Date):void @ addBoundaryElement(Triangle4D):void
@ getComponent(int):Component4D @ addChangeTimestep(Date):void
@ getComponents():Map<Integer,Component4D> @ addTetrahedron(Tetrahedron4D):void
@ getElements().List<Map<Integer,Element4D>> e @ addTetrahedronComponent(TetrahedronComponent4D):void
® getEnd():Date @ addTimestep(Component4D,HashMap<Integer,Point3D>,Date):void
@ getLastChangeDate().Date @ closeAllComponents(Date):void
@ getNetElements(Date):Map<Integer,Element4D> closeTimelnterval(Date):void
® getStart():Date @ createEndOfExistencelnterval(Date):void
@ getType():byte @ getBoundaryElements 1D(Date):Map<Integer,Element4D>
@ getValidComponents(Date):List<Component4D> @ getBoundaryElements2D(Date):Map<Integer,Element4D>
@ preparePostObject(Date).void @ getChangeDates():LinkedList<Date>

@ getComponent(int): Component4D

@ getComponents():Map<Integer,Component4D>
@ getElements().List<Map<Integer Element4D>>
@ getEnd():Date

@ getLastChangeDate():Date

@ getNetElements(Date):Map<Integer,Element4D>
@ getStart():Date

@ getType():byte

@ getValidComponents(Date):List<Component4D>
@ isBoundaryElements():boolean

@ preparePostObject(Date):void

@ setBoundaryElements(boolean):void

Figure 73 - Methods and data fields of the class TetrahedronNet4D and the interface
Net4D.

Interface Component4D and explicit Component4D classes

The interface Component4D declares getter-methods for the data fields of explicit
Component4D classes. These are i.a. used by the service classes which are presented in
Section 5.3.3. The most important data fields are net, timeInterval the list
timeSteps and an associative storage pointTubes. The field timeInterval
manages the time interval that is valid for the respective net component. The list
timeSteps manages a chronological list of explicit time steps of the respective net
component cf. Chapter 3.2. The most important data field is the associative storage
pointTubes (Integer, List <Point3D>). The key of the storage is a unique iden-
tifier of each individual vertex. The list behind a specific Integer value that represents
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the Point Tube ID manages a single Point Tube, i.e. a single vertex for different time steps.
Such Point Tubes are clearly assigned to the time steps managed in timeSteps.

During the construction of these Point Tubes, the individual vertices within the list are
checked for similarities between two time steps and are referenced if possible. Thereby
the concept of Delta Storage is realized, cf. Chapter 3.5. The composition of these Point
Tubes is described below in Algorithm 1 and Algorithm 2, respectively. The ID of a single
Point Tube is always associated with an Element4D object that is managed in a corre-
spondent Net 4D object. The interface Component4D is implemented by the explicit
classes PointComponent4D, SegmentComponent4D, TriangleCompo-
nent4D and TetrahedronComponent4D. Figure 74 illustrates the data field and
method declarations of the class TetrahedronComponent4D as an example:

<<Java Class>>

®TetrahedronComponent4D
de.uos.igf.db3d.dbms.newModeldd

o id: int
<<Java Interface>> o net: NetdD
@ Component4D o timelnterval: Timelnterval
e iofobiddbne newNModald o pointTubes: Map<Integer,List<Point3D>>

o gelNet():Net4D <3 o timesteps: LinkedList<Date>
@ getPointTubes():Map<Integer,List<Point3D>> & TetrahedronComponent4D(TetrahedronNet4D, int)
@ getTimelnterval():Timelnterval @ getlD():int
@ getTimesteps():LinkedList<Date> @ getNet():NetdD

@ getPointTubes():Map<Integer,List<Point3D>>
@ getTimelnterval(): Timelnterval

@ getTimesteps():LinkedList<Date>

@ setlID(int):void

Figure 74 - Methods and data fields of the class TetrahedronComponent4D.
Interface ELement4D and explicit ELement4D classes

The interface Element4D is a marker interface and is implemented by the classes
Point4D, Segment4D, Triangled4D and Tetrahedron4D. These explicit classes
consist of an ID that is unique within a Net 4D object and references to 1-4 Point Tubes,
whereby a single net element is described: i.e. one PointTube fora Point 4D object, two
Point Tubes for a Segment 4D object, three Point Tubes fora Triangle4D object and
four Point Tubes for a Tetrahedron4D object. The actual Point Tubes are managed in
the associative storage pointTubes within the corresponding Component4D class.
Within these element classes the Point Tubes are referenced by the use of Integer val-
ues (IDs) but actually managed in Component 4D objects. This enforces the explicit sep-
aration of the net topology from the vertices. Following the principles of the Point Tube
concept the vertices are reused multiple times by different Element4D objects, cf.
Chapter 3.1.
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IDs for the construction elements are optionally stored for Triangle4D and Tetra-
hedron4D objects: i.e. segment IDs for Triangle4D objects or segments and triangle
IDs for Tetrahedron4D objects. Such IDs refer to the construction element objects
managed in the Net 4D objects in lists of associative storages: boundaryElements1D
and boundaryElements2D, respectively. Figure 75 shows the data field and method
declarations of the class Tetrahedron4D as an example:

<<Java Class>>
(®Tetrahedron4D
de.uos.igf.db3d.dbms.newModeldd

a |IDzero: int
a |Done: int
a |Diwo: int
a |Dthree: int
o |[Dseg1: int
o |IDseg2: int
o |Dseg3: int
o |Dsegd: int
o |Dseg5: int
a |Dseg6: int

<<Java Interface>> o IDtri1: int

@ Element4D P — | o (I

de.uos.igf.db3d.dbms.newModel4d a |Dtri3: int
a |Dtrid: int
o id: int
acTetrahedron4D(int_.int_.int_.int,Integer)
& TetrahedrondD(int[],Integer)
@ getlD():int
@ getlDone():int
@ getlDthree():int
@ getlDitwo():int
@ getlDzero():int
@ getSegments():int[]
@ getTriangles():int]]
@ setSegments(int[]):void
@ setTriangles(int[]):void

Figure 75 - Methods and data fields of the class Tetrahedron4D.

The spatial part of an Object4D object, i.e. a Spatial4D object, consists of a Net4D
object that handles the spatio-temporal data. The actual data retains the same net di-
mension d € {0,1,2,3} over its entire lifetime. Different net dimensions are managed in
different Object4D objects. The Net 4D object can contain any amount of Compo-
nent4D objects that exist for different time intervals and may comprise a different tem-
poral discretization. However, certain conditions must be respected, which are summa-
rized in Section 5.3.4. An overview of the internal data management and the allocation of
the individual partial concepts to explicit classes is shown in the Figure 76.
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Implemented Class Type Content
concepts
. Comprehensive
ObJeCt4D time interval
. All Net4D
SpatialdD objects
Various temporal 1
discretisation .
+ Geometry
Handling of different Netd4D time interval
net-topologies 1 net-dimension
Delta Storage .
+ Component4D i?'”tT”bes
. Ime steps
Point Tube concept 1

Explicit storage of
boundary-elements

Geometry of a
single element

— > Element4D

Figure 76 - Interaction of classes with assigned concepts and containing information.
Class TimeInterval

In addition to the previously described interfaces Net4D, Component4D, Ele-
ment4D and their corresponding classes the class TimeInterval is especially im-
portant for the handling of spatio-temporal data. This class manages a time interval with
a start and an end date that describes a section between a pre- and a post-object. It is
important that the individual components of a net (in the form of Component4D ob-
jects) are always associated with such a unique time interval. This assignment is realized
by using the data field timeIntervals of Net4D classes. The time interval of the
entire Object4D is the union of these TimeInterval objects. The existence of an
explicit time step for the start and the end point of a time interval is required for all com-
ponents that are valid within this appropriate time interval, cf. Chapter 3.2.

For the management of 4D models it is essential to initialize the particular objects of the
respective classes with the corresponding data in a certain manner. The class
TimeStepBuilder provides the functionality to compose the internal structure of 4D
models correctly. Furthermore, several service classes are available that provide im-
portant routines for the composition of result objects for various queries on Object4D
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objects. Such classes are also frequently used in multiple import and export functions.
Both topics are part of Section 5.3.3 and Chapter 6.

5.3.3  Service and Builder Classes

The implementation of the data management model is divided into base classes that form
the geometry core, importer classes for a file-based import of 4D models, and the services
and builder classes. These are used for import and export operations and for an APl-based
composition of 4D models.

Class TimeStepBuilder

For the construction of net components of any dimension the class TimeStep-
Builder was realized, which processes vertices for new or already existing Point Tubes.
To distinguish whether the committed vertices shall create a new time series within a net,
i.e. a new Component4D object with new Point Tube data structures, or whether an
existing time series of a Component4D object shall be extended, the addTimeStep
method has been developed. Subsequently, the appropriate method, i.e. addNor-
malTimeStepor firstStep is used.

Within the method firstStep a list of dates that handles all dates with a corre-
sponding time step, is initialized with a given Date object. Subsequently, new Point Tube
structures are created in form of lists and each is filled with a first Point 3D object. Along
with these lists the ID of the particular point is transmitted to the associative storage
pointTubes of the correspondent component, cf. Algorithm 1.

firstStep (Component4D component, Map<Integer, Point3D> newPoints, Date

date) {
Map<Integer, List<Point3D>> pointTubes = component.getPointTubes();
LinkedList<Date> timesteps = component.getTimesteps() ;

// add the effective date as first timestep to the component
timesteps.add(date) ;
// add all Points with their ID to the pointTube Map
for (Integer id : newPoints.keySet()) {
// it is the initial step, so create a new List for every Point
List<Point3D> newTube = new LinkedList<Point3D>();
newTube.add (newPoints.get (id)) ;
pointTubes.put (id, newTube) ;

}

Algorithm 1 - FirstStep method (simplified) of TimeStepBuilder class for handling the initial
time step of a 4D object.
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Depending whether the construction elements shall be managed explicitly, these are gen-
erated for triangular and tetrahedron nets within the methods of the respective service

classes TriangleServices and TetrahedronServices.

In the method addNormalTimeStep the list of dates is supplemented by the com-
mitted Date object. Subsequently, the Point Tubes of the correspondent component are
extended by the given vertices. This is done according to the rules of the Point Tube con-
cept, cf. Chapter 3.1. During this procedure it is checked whether the new vertex differs
from the vertex of the previous time step. If this is not the case, only a reference to the
previous vertex is stored, cf. Chapter 3.5 and Algorithm 2.
for (Integer id : newPoints.keySet()) {
// reference the point if not changed
if (pointTubes.get (id) .get (timesteps.size() - 2)
.isEqual (newPoints.get (id), sop)) {
pointTubes.get (id) .add (
pointTubes.get (id) .get (timesteps.size () - 2));
} else {

// extend the existing pointTube
pointTubes.get (id) .add (newPoints.get (id)) ;

}

Algorithm 2 - AddNormalTimeStep method (excerpt) of TimeStepBuilder class to detect
deltas between two time steps.

Determination of the vertices for a specific date

Another important function of the class TimeStepBuilder is the ability to compute
the vertices of a net component that are representative for a certain date. For this pur-
pose, the method getPointTubeAtInstance is given and is used with the two pa-
rameters Component4D and Date. Within this method, the two time steps of the time
series are determined that include the parameter Date34. Subsequently all points of the
component between these two steps are linearly interpolated and returned as the result
in the form of an associative storage (<Integer, Point3D>), cf. Algorithm 3. After-
wards this structure is used by the service class ServicesFor4DObjects forfurther
processing.

34 It is also possible that Date directly corresponds to one of the time steps within the
time series.
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// compute the factor which indicates the position in the interval
double factor = (double) (date.getTime () - intervalStart.getTime())
/ (intervalEnd.getTime () - intervalStart.getTime());
// interpolate a new Point with the help of the computed factor
for (Integer id : alllIDs) {
// check if this ID is active in this timeinterval
if (pointTubes.get (id) .size () >= intervalStartStep) {
// get the start Point
Point3D intervalStartPoint = pointTubes.get (id) .get(
intervalStartStep);
double x = intervalStartPoint.getX();
double y = intervalStartPoint.get¥Y();
double z = intervalStartPoint.getZ();
// get the end Point
Point3D intervalEndPoint = pointTubes.get (id) .get (
intervalStartStep + 1);
// create a new interpolated Point and add it to the map

points.put (id, new Point3D(x + (intervalEndPoint.getX() - x) *
factor, y + (intervalEndPoint.getY() - y) * factor, z +
(intervalEndPoint.getZ () - z) * factor));

}
}
// return the new Map with interpolated points
return points;

Algorithm 3 - GetPointTubesAtInstance method (excerpt) of TimeStepBuilder class for a
linear interpolation of a net between two time steps.

The service classes SegmentServices, TriangleServices and Tetrahe-
dronServices

For a special preparation of vertices and net topologies of corresponding nets the classes
SegmentServices, TriangleServices and TetrahedronServices are
available which are primarily used for the export and import of data. This particularly con-
cerns the identification of vertices that occur multiple times within a net. In addition,
different ways to access certain information within a net are provided: e.g. all Ele-
ment4D objects that use a particular vertex can be identified and queried. The results
are i.a. used by various export classes, e.g. the ExportWebGLTriangles class.

Special treatment of vertices

When managing spatio-temporal data the index-face-set procedure shall be used and the
completeness axioms must be respected, cf. Chapter 2.2. But various data formats such
as the GOCAD format allow the redundant storage of vertices. For the identification of
points, which are used multiple times within a mesh the initFor4DPointClouds
method is available. This method is used by import classes, e.g. GocadImporter4D.
Therefore, only unique vertices are used within an import operation for the construction
or extension of a 4D model, cf. Chapter 3.1.
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Furthermore, the classes TriangleServices and TetrahedronServices pro-
vide a createBoundaryElements method, which is used in the TimeStep-
Builder class for the composition of construction elements. Similar to the handling of
vertices these construction elements are created and handled uniquely within the net
structure, cf. Algorithm 4.

01 // collect the unique Segments of this TetrahedronNet
02 Map<Segment4D, Integer> uniqueSegments = new HashMap<Segment4D, Integer>();
03 // get all Tetrahedron elements valid for this date
04 Map<Integer, Element4D> tetraElements = net.getNetElements (date);
05 for (Integer tetralID : tetraElements.keySet()) {
C Tetrahedron4D tmpTetra = tetraElements.get (tetralD);
( int pointIDs[] = { tmpTetra.getlIDzero(), tmpTetra.getIDone(), tmpTetra.
08 getIDtwo (), tmpTetra.getIDthree() };

09 /** BUILD SEGMENTS **/

0 Segment4D sZero = new Segment4D (pointIDs[0], pointIDs[1l], O);
11 Segment4D sOne = new Segment4dD (pointIDs[0], pointIDs[2], 0);

Segment4D sTwo = new Segment4D (pointIDs[0], pointIDs[3], 0);

13 Segment4D sThree = new Segment4D(pointIDs[l], pointIDs([2], 0);

4 Segment4D sFour = new Segment4D (pointIDs[1l], pointIDs[3], 0);
15 Segment4D sFive = new Segment4dD (pointIDs[2], pointIDs[3], 0);

Segment4D[] segs = { sZero, sOne, sTwo, sThree, sFour, sFive };

1 int[] segmentsForTetra = new int[6];

8 // use only unique Segments
19 for (int 1 = 0; 1 < 6; 1i++) {
20 if (!'uniqueSegments.keySet () .contains(segs[i])) {
21 uniqueSegments.put (segs[i], seglD);
22 segs[i] .setID(seglD);
23 segmentsForTetra[i] = seglD;
24 segID++;
25 } else segmentsForTetral[i] = uniqueSegments.get (segs[i]);
26 }
2 tmpTetra.setSegments (segmentsForTetra) ;
28 // register construction elements
29 for (Segmentd4D seg : uniqueSegments.keySet())

30 net.addBoundaryElement (seqg) ;

Algorithm 4 - CreateBoundaryElements method (excerpt) of TetrahedronServices class to
compose unique construction elements for tetrahedrons.

ServicesFor4DObjects

The ServicesFor4DObjects class provides a link to the 3D section of DB4GeO and
forms the basis for every export operation, which exports a snapshot of a 4D model for a
specific time.

Along with the elements of a Net 4D object an explicit 3D model for a specific time can
be created by using the class ServicesFor4DObjects. For this purpose, a get-
InstanceAt method is available that handles an Object4D and a specific Date ob-
ject as parameters. In this method, all components of the spatial part of an Object4D
that are valid for this date are combined. Subsequently, the positions of the vertices that
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are valid for this specific date are computed by the method getPointTubeAtIn-
stance of the class TimeStepBuilder. In a next step, an explicit 3D model for the
specified date is created along with the elements of a Net 4D object that is a member of
the spatial part of the Object4D. Finally, the 3D model that represents a snapshot of
the 4D model for the specific date is returned in form of an Object3D.

5.3.4  Construction of 4D-Models / API Overview

As part of the implementation of the comprehensive data management model a user-
friendly approach to compose 4D models was created. Two procedures are available:

1. The user can use available importer classes that map data in form of ASCII files
onto the internal data structure. The most important class here is the class Go-
cadImporter4D that imports 3D models developed in GOCAD as single time
steps for an integration into a 4D model. GOCAD files can also be used to contin-
uously expand an already existing 4D model. The model can be divided into vari-
ous components with different temporal discretizations. The order to add new
components to a 4D model corresponds to the procedure that was presented in
Chapter 3.2.

2. The user can use the API of the geometry core package to create or extend a 4D
model. In this case the classes Object4D and Spatial4D, as well as the im-
plementations of the interfaces Net4D, Component4D and Element4D are
used to generate spatio-temporal data. Afterwards the routines that are provided
by the class TimeStepBuilder are used to set up the internal data structure
and a consistent net topology for the 4D model.

Figure 77 represents the composition of a 4D model. The composition starts with the
Component4D object compO (tstart) forthe time tstart. Then additional compo-
nents are added for the first time step tstart: compl (tstart) and comp2 (tstart).
These correspond to regions with a different volatile movement within the model. Based
on this additional time steps can be added to the respective components. In this case
these are two more steps for compO0: ta and tchange, three time steps for the compl: t,
tc, tchange, and one time step for the comp2: fchange. A requirement is that all the com-
ponents of this model have an explicit time step for the time tchange due to a change of
the net topology at this specific time.
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tstart ta tchange
comp0 .| ::
addTimeStep() addTriangles() addTimeStep() addTimeStep()
t t t t
start b c change
comp1l | > | > | >
addTimeStep()  addTriangles() addTimeStep() addTimeStep() addTimeStep()
t t
start change
comp2 o
addTimeStep() addTriangles() addTimeStep()
TriangleNet4D >
Object4D >

Figure 77 - Construction of a 4D model for time interval [tstart, tchange[ With three net com-

ponents of different temporal discretizations.

The rules that need to be fulfilled when creating the structure of a 4D model with differ-

ent volatile subregions (net components) are summarized below, cf. Chapter 3.2:

List 3 - Rules for the development of 4D models in DB4GeO

[}
mon start date.
[}
other.
[}
time interval.
[}

a new one.

All net components must be added at the beginning of the new interval with a com-

The components can be extended chronologically but independently from each

All components must have an explicit step for a common end date within a valid

A change of the net topology must be indicated to finalize a time interval and start
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Combined, the three components form the pre-object of the time series at time tchange,
cf. Figure 77. Subsequently, new components are created that represent different volatile
regions of the 4D model. The amount of components is modified after the transition of
the net topology. Therefore, starting with a time step at time fchange Only two compo-
nents comp3 and comp4 form the 4D model during time interval [fchange, tend]. The con-
struction of these new components also need to follow the specified rules, cf. List 3. Thus,
in our example, the two new components comp3 and comp4 have to start with a com-
mon time step for time tchange, cf. Figure 78.

f t t
change d end
comp3d < >
addTimeStep() addTriangles() addTimeStep() addTimeStep()
tchan t
ge end
comp4 ,
addTimeStep() addTriangles() addTimeStep()
TriangleNet4D <
Object4D >

Figure 78 - Extension of a 4D model for time interval [tchange, tend] With two net compo-
nents of different temporal discretizations.

Combined comp3 (tchange) and comp4 (tchange) represent the post-object, cf.
Chapter 3.3. This procedure can be repeated as often as desired. For a correct finalization
of the time series of the 4D model, all involved components need to have a common final
time step for time tend. Figure 79 represents the internal structure of a complete 4D
model for time interval [fstart, fchange| that is constructed of idifferent components. The
second time interval [tchange, tend] consists of jdifferent components. All involved com-
ponents may be discretized differently.
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Net4D

Component4D Component4D
| | | | | J st
| | | | | | > time
tstart tk 1 tk+1 tchange fI 1 t\+1 tend
Component4D Component4D
| | | | | | | | L 4
| X X | | I | I > time
t(tart I’m tm+1 tm+2 tchj\nge tn tn+1 tn+2 t-en}j

Time interval [t t Time interval [t

change[ change’ tend]

tchange = time step with a net topology change

Figure 79 - Internal structure of a 4D model with a various number of net components.

The following section describes both scenarios for the construction of a 4D model within
a respective workflow based on test data.

5.3.5 Workflow

This section describes a workflow for the construction of a 4D model based on test data
with Java code examples. First the scenario of the AP/ usage is described. Subsequently,
the scenario of using importers is described. In both scenarios, a 4D model mis developed
that is defined for the time interval inter = [tstart, tend] With a change of the net topology
at time fchange € inter. Accordingly, the 4D model m is separated into two time intervals
[tstart, fchange[ and [fchange, fend]. The first time interval consists of three components
and the second time interval of one component. Every component has a different tem-
poral discretization.
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01 // create a new 4D object

02 Object4D objectd4D = new Object4dD();

03 // create a new spatial part

04 SpatialObjectd4D spatial = new SpatialObject4D();
05 // Link the spatial part

06 object4d4D.setSpatial (spatial);

07 // create a TriangledNetD object

08 TriangleNet4D triangleNet = new TriangleNet4D (dateStart);
09 // link the net

10 spatial.setNet (triangleNet) ;

11 // set up the net with the tStart date

12 triangleNet.addChangeTimestep (tStart);

13 // create some triangles elements

14 triangleNet.addTriangle (new Triangled4D(0, 1, 3, 0));

15 triangleNet.addTriangle (new Triangled4D(0, 2, 3, 1));

16 triangleNet.addTriangle (new TriangledD(2, 4, 3, 2));

17 triangleNet.addTriangle (new TriangledD(3, 4, 1, 3));

18 triangleNet.addTriangle (new TriangledD (1, 4, 5, 4));

19 triangleNet.addTriangle (new Triangled4D(0, 2, 6, 5));

20 // create a first component

21 TriangleComponent4D componentl = new TriangleComponent4D (triangleNet,

22 compIDl) ;

23 // link the component

24 triangleNet.addTriangleComponent (componentl) ;

25 // add the 1. timestep for the 1. component with points and date tStart
26 TimeStepBuilder.addTimestep (componentl, points, tStart);

27 // add the 2. component

28 triangleNet.addTriangleComponent (component?2) ;

29 // add the 1. timestep for the 2. component with points and date tStart
30 TimeStepBuilder.addTimestep (component2, pointsComp2, tStart);

31 // add the 2. timestep for the 2. component

32 TimeStepBuilder.addTimestep (component2, pointsComp2STEP2, dateStep2);

33 // add the 3. timestep for the 2. component

34 TimeStepBuilder.addTimestep (component2, pointsComp2STEP3, dateStep3);

35 // add the 3. component

36 triangleNet.addTriangleComponent (component3) ;

37 // add the 1. timestep for the 3. component with points and date tStart
38 TimeStepBuilder.addTimestep (component3, pointsComp3, tStart);

39 // add the 2. timestep for the 3. component

40 TimeStepBuilder.addTimestep (component3, pointsComp3STEP2, dateStepd);

41 // close the 1. time interval for all three components

42 TimeStepBuilder.addTimestep (componentl, pointsComplSTEPChange, dateChange);
43 TimeStepBuilder.addTimestep (component?2, pointsComp2STEPChange, dateChange) ;
44 TimeStepBuilder.addTimestep (component3, pointsComp3STEPChange, dateChange);
45

46 /** CHANGE OF NET-TOPOLOGY - CREATION OF A NEW POST OBJECT **/

47 // prepare the net

48 triangleNet.preparePostObject (dateChange) ;

49 // add a new mesh

50 triangleNet.addTriangle (new Triangled4D(0, 1, 2, 0));

51 triangleNet.addTriangle (new Triangled4D(0, 1, 3, 1));

52 // add the 1. timestep of the new Component

53 TimeStepBuilder.addTimestep (compPost, pointsPostComplChange, dateChange);
54 // close the 2. time interval

55 TimeStepBuilder.addTimestep (compPost, pointsPostComplEnd, dateEnd);

Algorithm 5 - Code example for creating a 3D model by using the API.

Afterwards, the 4D model is fully constructed in form of an Object4D. This workflow
can be processed without any restrictions also with data of other net dimensions. In the
GOCAD ASCII file based workflow the explicit API calls are processed within the methods
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of the importer. Accordingly, the workflow that works with GOCAD files is more compact
compared to the direct use of the API.

// create a new object

Object4D objectd4D = new Object4dD();

// create an importer instance

04 GocadImporter4D importer = new GocadImporter4dD();

// add the first step of the three components
FileReader reader = new FileReader (gocadFile Compl Step 1);
importer.importObject (reader, object4D, tStart);

// add the second step of the three components

)9 reader = new FileReader (gocadFile Comp2 Step 1);

10 importer.importObject (reader, object4D, tStart);

11 // add the third step of the three components

12 reader = new FileReader (gocadFile Comp3 Step 1);

13 importer.importObject (reader, object4D, tStart);

14 // add the second for the second component

15 reader = new FileReader (gocadFile Comp2 Step 2);

16 importer.importObject (reader, object4D, dateStep2);
17 // add the third step for the second component

18 reader = new FileReader (gocadFile Comp3 Step 3);

19 importer.importObject (reader, object4D, dateStep3);

20 // add the second step for the thrid component
reader = new FileReader (gocadFile Comp3 Step 2);
importer.importObject (reader, objectd4D, dateStepid);
// close the first time interval for all three components
reader = new FileReader (gocadFile Compl Step Change);
importer.importObject (reader, object4D, dateChange);
reader = new FileReader (gocadFile Comp2 Step Change);
importer.importObject (reader, object4D, dateChange);
reader = new FileReader (gocadFile Comp3 Step Change);
importer.importObject (reader, object4D, dateChange);
// add the first timestep of the new Component
reader = new FileReader (gocadFile Comp4 Step Change);
importer.importObject (reader, objectdD, dateChange);
// close the second time interval

4 reader = new FileReader (gocadFile Comp4 Step End);
importer.importObject (reader, objectdD, dateEnd);
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Algorithm 6 - Code example for importing a 4D model.

Within the individual methods of the class GocadImporter4D the APl of the 4D model
geometry core is frequently used.

5.3.6  Ad Hoc Visualization

For a productive work with spatio-temporal data an appropriate visualization is essential.
This allows the user to verify the data and to interpret it visually. Additionally, changes in
spatio-temporal data might be better recognised by a visual comparison of the particular
time steps. For a quick and convenient visualization of spatio-temporal data with the
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DB4GeO-WebGL-Viewer a solution was developed that is based on the Web standard
WebGL.

By the DB4GeO-WebGL-Viewer spatio-temporal data is visualized directly from the data-
base and also platform independent in any modern browser. Therefore, no additional
tools such as plug-ins need to be installed. A visualization of the data is achieved without
the use of a specific modelling software. For this purpose, the corresponding data is pro-
cessed according to the rules of the WebGL library Three.js3¢ within an HTML file.

The user of the viewer has the possibility to visualize a snapshot of a 4D model that cor-
responds to a specific time within the valid time interval of such a model. This snapshot,
i.e. a 3D model, is generated within DB4GeO by a linear interpolation. Within the viewer
the user can use typical graphical operations such as panning, zooming and rotating to
interact with the visualization of the model. This is realized for spatial and spatio-tem-
poral data based on d-simplicial complexes with d € {0,2,3}. The viewer provides a simple
visualization of the geometry but can also consider colour values (if available) and offers
an optional grid view. The viewer is implemented as an export class Ex-
portWebGLMain, which handles an Object3D as a parameter. Such an object can be
the result of an interpolation of a 4D object. Subsequently, depending on the dimension
of the net a corresponding WebGL export class finishes the export process, e.g. Ex—
portWebGLTriangles.

The Viewer is also available for 3D models that are managed by DB4GeO. Figure 80 shows
two models being visualized with the DB4GeO-WebGL-Viewer.

3> WebGL — Web Graphics Library, a JavaScript API for the rendering of 3D objects within
a web browser. https://www.khronos.org/webgl

36 Three.js — an open source JavaScript based framework for the development of WebGL-
based 3D scenes. https://github.com/mrdoob/three.js
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Figure 80 - Left: 3-simplicial complex with temperature data of a geothermal subsurface
model. Right: 2-simplicial complex of statue "the thinker"3” at KIT campus.

Though, the viewer does not reflect the capabilities of a professional visualization within
complex modelling tools, it provides an ad hoc solution to obtain a quick overview of
spatial and spatio-temporal data managed in the geodatabase. Within this thesis, the
viewer was frequently used for a quick visual check of the results that were produced by
the implementation of the data management model for spatio-temporal data.

5.4 Realization of a Generic Mobile GIS for Spatio-
Temporal Data

This section describes the realization of a generic mobile GIS for spatio-temporal data.
The realization is based on the general concept for generic mobile GIS and the particular
requirements for spatio-temporal data. First, the general structure of such a mobile GIS
is described and divided into interrelated modules. The functionality and the interaction
between these modules are explained in detail. Subsequently, an implementation based
on the mobile operation system Android is presented.

54.1 Structure

The realization of a generic mobile GIS for spatio-temporal data is structured into four
different modules:

1. MainUIl — User interface and guided workflow.
2. Transaction — Handling of queries for spatio-temporal data and operations.
3. Data handling — Handling of spatio-temporal data on the device itself.

373D-Model by Simon Schuffert (KIT), All rights reserved.
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4. Visualisation — Mobile visualisation of the data.

The general design of the user interface is specified in the module MainUI. This includes
the following features:

¢ A guided workflow for the specification of appropriate Web services.

e Buttons and touch gestures for the interaction with the data, i.e. zooming, panning,
rotating.

e Capabilities to select spatio-temporal operations.

A WFS and WPS to query spatio-temporal data and/or spatio-temporal operations has
been designed and implemented in Chapter 4. In most cases such queries result in 3D
data. The interaction with the data needs to be as intuitive as possible and is based on
rules for an appropriate handling of 3D data, cf. Chapter 5.3.6. Therefore, intuitive multi-
touch gestures are used. The menu displays all available spatio-temporal operations in-
cluding their input and output parameters according to the specified WPS. Additional op-
tions to specify input parameters and to invoke such operations are available.

The queries for spatio-temporal data and/or operations that are directed to appropriate
Web services are processed and handled within the module Transaction. This module
requires a clear distinction of WFS and WPS based transactions:

WEFS

Within this sub-module WFS-requests are composed and the appropriate methods
are called, i.e. GetCapabilities, GetFeaturelnfo, GetFeature. The results are for-
warded to the modules MainU/l and Data handling.

WPS

Within this sub-module WPS-requests are composed and the appropriate methods
are called, i.e. GetCapabilities, DescribeProcess, Execute. The results are forwarded
to the module MainU/ for alphanumeric data and Data handling for 3D/4D data.

For the preparation of request and results it is sufficient to use an SAX parser. Alterna-
tively, requests can be composed based on KVP encoded URLs.

The results of requests for spatio-temporal data consist of 3D data that reflect a specific
snapshot of a 4D model. Such data may not only be available on the mobile GIS transi-
ently, but can also be stored permanently. Therefore, it is possible to use the data without
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an active network connection. Such a data storage on a mobile device can be accom-
plished with an appropriate database, e.g. SQLite38.

A major challenge for the realization of a mobile GIS for spatio-temporal data is the visu-
alization of the data. This requires the visualization of specific snapshots of a 4D model in
the form of 3D data. Furthermore, thematic or semantic data need to be processed and
visualized, e.g. representation of temperature values within a solid or the visualization of
different types of rock strata. A Visualization module combines this functionality, i.e. the
interpretation and visual processing of relevant thematic and geometric data. Such data
is transferred directly from the Data handling module. An overview of the interaction
between the individual modules of a prototypical implementation illustrates the follow-
ing Figure 81.

‘ WebFeatureService H WebProcessingService
| ; A A
L

"}

| A 4 A 4

MainUl < Transaction
Alphanumeric
4 data
. User. 3D data
interaction
y v
Visualization |« Data handling
3D data

Figure 81 - Interaction between individual modules of a mobile GIS for spatio-temporal
data.

The definition and interaction of the individual modules form the foundation for a proto-
typical implementation of a generic mobile GIS for spatio-temporal data based on the
Android platform, which is part of the following section.

38 SQLite is a popular open source relational DBMS. https://www.sglite.org
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5.4.2 Implementation

The implementation of a mobile GIS for spatio-temporal data is realized as an application
based on the mobile operation system Android. It is based on the prior work on a mobile
AR-viewer for 3D data that was developed by [Dittrich, 2012]. This viewer offers the func-
tionality to visualize 3D models based on 2-simplicial complexes.

As part of the implementation appropriate software packages are assigned to the mod-
ules discussed in Section 5.4.1. The following list describes fundamental packages and
their key functions:

coordtrafo: responsible for the transformation of coordinates.

database: responsible for the storage of server information (e.g. WFS/WPS ad-
dress) in an SQLite database.

dataresource: responsible for the selection and processing of information
about appropriate Web services, i.e. WFS and WPS. Preparation of information
about existing data and/or available operations of a Web Service.

importer: processing the results of a corresponding request to a Web service.
Pre-processing of the 3D data into a format that is processed further.

opengles: visualization of 3D data with the help of OpenGL ES*°. Corresponding
shader and sources of illumination are used for an appropriate visualization of the
data. In addition, the optional camera image is processed within this package.

view3d: composition of the GUI including menu items and corresponding tools
for an appropriate movement within a 3D scene.

These specific packages are responsible for the control and visualization of the spatio-
temporal data within the mobile GIS. Each query session starts with a getCapabilities re-
guest to retrieve important information about a specific server and available data sets.
By using the Activity class WFSSelectionActivity a suitable WFS that distrib-
utes appropriate data is selected. Subsequently, a specific spatio-temporal data set is se-
lected by the use of the class QueryActivity. Here, a specific date is picked by a
DatePickerDialog object and used for the request, cf. Figure 82. The request itself
is handled by the dataresource package. Once the server responses with a 3D object,

39 OpenGL for embedded systems, a subset of OpenGL, developed by Khronos Group.
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i.e. a specific snapshot of a 4D model, the data is pre-processed in the GOCADCon-—
nector class. Subsequently, the data is rendered in the classes InteractiveRen—
dererand InteractiveSurfaceView andvisualizedinthe Activityclass In-

teractiveActivity.

The visualization in the augmented reality mode (AR mode) is handled by the classes AR-
Renderer and ARSurfaceView or ARActivity, respectively. In the AR-mode a
position and orientation of the device is required, which is determined from the sensor
information of the device within the classes ARActivity viaa LocationManager
and a SensorManager object. A visualization of a specific snapshot of the 4D model
"Piesberg" — a landfill site near the city of Osnabrick, Germany — for the date
10.02.1984:00:00:00 is shown in Figure 82.

@ AR =

1984

Fr., 10. Feb.

Februar 1984

Figure 82 - Visualization of a specific snapshot of the 4D model Piesberg on the mobile
GIS. Left: Selection of a specific date. Right: The Piesberg viewed from different angles.

Available processes of a WPS are started via Execute-queries, e.g. an averagespeed query
that determines and returns the average speed of a spatio-temporal object. The final
prototype runs on a Sony Xperia Z® tablet, containing a GNSS (GPS + GLONASS) sensor,
WiFi and LTE capabilities. Thus the user can self locate easily in almost any environment
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and send or query spatial and spatio-temporal data if WiFi or a mobile network is availa-
ble. The software was published under the name ST-GIS as free and open source soft-

ware?0.

With the development of a generic mobile GIS for spatio-temporal data the third part of
the workflow for the handling of spatio-temporal data has been established. It was shown
that the intensive use of spatial data standards is an appropriate basis for such a system.
A summarized overview of the entire workflow based on a typical test data set is pre-
sented in Chapter 6.3.

40 ST-GIS can be found at https://github.com/PaulVincent/ST-GIS
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6 Validation and Evaluation

The development of sustainable software requires an appropriate test environment.
Thus, the implementation of the data management model presented in Chapter 5.3 is
validated by a unit test framework which is introduced in Section 6.1.

The implementation of the comprehensive data management model offers advanced
query facilities. A selection of those and possible application areas are presented in Sec-
tion 6.2.

A summarized overview of the workflow for the handling of spatio-temporal data is pre-
sented in Section 6.3. This includes a typical test data set and a visual overview of the
workflow in action.

6.1 Software Validation

This section discusses the process of evaluation and the composition of an appropriate
test environment in which various test scenarios are systematically processed. For this
procedure, the approach of unit testing is frequently used for the professional develop-
ment of software [Osherove, 2013]. Following this approach test environments and test
scenarios are composed in a systematic and structured way. In the programming lan-
guage Java unit testing is realized within the JUnit framework [Cheon and Leavens, 2002],
which also forms the basis of the test environment in this thesis.

Initially suitable test data is developed for each test scenario. These scenarios validate
the individual sub-concepts of the data management model. For this purpose, both an
API- and a file-based test environment are developed. To test both options for the con-
struction of 4D models it is necessary to distinguish between API- and file-based test sce-
narios. The individual test scenarios are presented and described in the following.

Construction of suitable test data

In the following two different ways to generate test data for suitable test scenarios are
presented. The first one is API-based. Therefore, the API of the implemented data man-
agement model is used, e.g. to create a TriangleNet4D object with multiple Tri-
angleComponent4D objects, each consisting of multiple Triangle4D objects.
These objects are created directly in Java source code. A suitable place for such opera-
tions are JUnit testcase files.
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The second way for constructing test data is based on explicit ASCII files that contain ap-

propriate spatio-temporal data. For this, the file format of the 3D modelling and visuali-

zation tool GOCAD was used. Different files were created for corresponding test cases.

Subsequently, the GocadImporter4D classis used to read and process these files. In

this thesis both ways for the composition of new 4D models are tested. Therefore, the

test environment is divided into the following two main sections:

API-based tests

When using the API, the test data is created directly by the use of explicit classes of
the data management model. The starting point of this procedure in this case is an
Object4Dthat owns a Spatial4D object. This Spatial4D object represents
the spatial part of a 4D model, cf. Figure 76. This spatial part consists of a Net4D
object. Once the dimension of the net has been established, it cannot be changed,
cf. Chapter 5.3.4. The actual test data sets are generated at this point. The corre-
sponding time steps of a model along with the geometry are created directly in the
source code. API-based test data sets are available for all four net dimensions.

Multiple JUnit tests verify the constructed 4D models. Each particular sub-concept
is tested individually for each of the four appropriate net dimensions, cf. Chapter 3.
The combination of these concepts is tested with additional test cases.

ASClI-file-based tests

Multiple test data sets with different characteristics were developed to verify the
ASClI-file-based workflow. The data within the ASClI-files follow the GOCAD file for-
mat guidelines [Cheng, 1997]. A 4D model is created from individual time steps.
These time steps are assigned to individual GOCAD files which are imported using
the GocadImporter4D class.

The various sub-concepts of the data management model are validated and verified
individually in multiple JUnit test cases. Additionally, the entire spectrum of all sub-
concepts is tested within appropriate test cases.

The test scenarios are standardized according to the rules of unit testing and can be used

on various occasions, e.g. the development of a new software version. An overview of

the test scenarios is shown in Figure 83. In addition to the scenarios visible in the figure,

further test scenarios cover all sub-concepts simultaneously.
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Test Scenarios
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Figure 83 - Overview of available JUnit testcase scenarios.
A specific procedure of a particular test passes through the following three stages:

1. Setup: composition of the 4D model including all time steps and explicit data (API
or file-based).

2. Verification of the data structure: comparison of the data structure with reference
values. The verification is proceeded by the use of JUnit methods, e.g. assertTrue,
assertNull, assertEquals, etc.

3. Verification of behaviour: processing of operations and methods with a subsequent
comparison of the results with appropriate reference data.

The composition of the model structure, i.e. the actual 4D model, is processed within the
classes SetupForAl1APITestCases and SetupForAllFileTestCases in
which 4D models are created from GOCAD files or by using the API, respectively. Each of
the test cases specified in Figure 83 is performed for d-simplicial complexes with
d €{0,1,2,3}. Accordingly, every test case consists of four parts. If the data structure and
the results correspond with the reference data, the test is considered as a success.

The test scenarios are executed after each change of the actual implementation. Due to
this test environment the development of the software components of this thesis was
permanently monitored and evaluated. Thus the implementation of sustainable software
was supported.
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6.2 User Validation

This section reflects multiple advanced query facilities that were not explicitly mentioned
within Chapter 3 and 5.3. These can be useful for solving tasks within various applications.
In this context the service classes (cf. Chapter 5.3.3) and a particular use of different sub-
concepts have the following added value:

Interpolation

Since the vertices of 4D models are managed in Point Tube data structures and are col-
lectively accessible for the entire model, interpolation operations can be realized in a
simple manner. Within the comprehensive data management model for handling spatio-
temporal data interpolations are always performed between two vertices that are man-
aged in Point Tubes. There is always a 1 to 1 connection, which describes a trajectory in
3D space, i.e. the movement over time. The type of interpolation is determined at a cen-
tral location in the software and is applied to all appropriate vertices. This offers the pos-
sibility to easily change the type of interpolation. A linear interpolation is not always an
appropriate approximation of the real situation. For instance, a landslide may be a very
abrupt event. If the corresponding region is modelled in large time intervals, the move-
ment of the landslide would occur unnaturally slow. In such a case a different set of in-
terpolation rules may improve the outcome. Due to the data structure of the data man-
agement model such rules can be deployed easily.

Boundary queries

Queries for the boundary of a 4D object that consists of a d-simplicial complex for a spe-
cific time tx result in an accumulation of (d-1)-simplices. The net topology can be used for
the determination of these simplices. The positions of the particular vertices are calcu-
lated by the use of the Point Tube data structures. Therefore, it is possible to calculate an
appropriate representation of the boundary for a specific time &.

Merge and split operations

The use of the concept for handling net topology changes can be used to merge or split
multiple net components over time. For instance, a 4D model for a time interval [ta-1, tf
might consist of one net component nc_1 and is split into two separated net compo-
nents nc_2 and nc_3 at time step ta. Afterwards the 4D model consists of two net com-
ponents for a time interval [ta, ta+1[. This can also be performed in the other direction,
i.e. a merge operation at which two net components nc_1 and nc_2 are combined to
one nc_3 that is valid within the second time interval.
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Extension of time series

The time series of an existing 4D object can be extended in a simple manner. There exist
two different procedures for this task:

1.The net topology remains the same: only the appropriate Point Tube data struc-
tures get extended by another time step.

2.The net topology of the 4D object changes: a new time interval is established. New
Point Tube data structures are created to handle the vertices. The new net topol-
ogy is stored and linked to the new time interval.

In both cases the user starts the file importer and the data management model deter-
mines the appropriate steps to handle the request. Alternatively, the user can use the API
to invoke the appropriate operations directly.

Extensive use of point clouds

The vertices of a 4D model are managed in Point Tube data structures and therefore
available for the processing of various spatio-temporal questions. Several applications
and operations do not require a net topology and are solved solely by the use of the
vertices, e.g. the calculation of a bounding box. Due to the data model the access of the
underlying point cloud of d-simplicial complexes with d € {1,2,3} is significantly simplified
and can be queried for every specific time t € [tstart, tend].

Export of data

There are multiple options available for the user to export data that is stored in the 3D/4D
geodatabase architecture DB4GeO. One important format is the GOCAD format that can
be used for a further processing of the data in the 3D modelling tool GOCAD. Another
export format is the preparation of the data within a WebGL file. Thus, the data can be
viewed within a conventional web browser, cf. Chapter 5.3.6. For both options the data
is processed accordingly. GOCAD and the WebGL viewer have not been developed to vis-
ualize a 4D model in its entire form, but snapshots of the model, e.g. m (&) with & €
[tstart, tend]|. Therefore, the model m is computed for the specific time &. The class
TimeStepBuilder is internally used for the processing of such a snapshot m (&) of
the 4D model m, cf. Chapter 5.3.3.
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Import of data

For the import and composition of a 4D model either the APl or GOCAD files can be used.
The latter represent single time steps of corresponding net components. Both ap-
proaches have been presented in Chapter 5.3.5.

Topological information

Data models and formats that handle d-simplicial complexes with d € {2,3} usually handle
the net elements in a way that the d-simplices refer to d+1 vertices, e.g. a triangle refers
to its three corner points. Within a d-simplicial complex these vertices are used by multi-
ple d-simplices, cf. Chapter 2.3.1. Usually, when a topological data structure such as
g-maps (cf. Chapter 2.1) is not explicitly used, a specific vertex cannot be queried for all
d-simplices it is part of. However, the service classes that were developed within this the-
sis offer the capability to compute such information directly based on the net structure.
For some objectives it is necessary to know such information. For instance, they are used
by export classes and are available to the user for other applications.

Advanced data preparation

The data preparation within the data management model requires a particular treat-
ment. Several tasks need a data structure that meets specific constraints. One important
constraint is that vertices within a net are unique, although they are referenced by mul-
tiple net elements. This also applies to construction elements such as segments in triangle
nets or segments and triangles in tetrahedra nets. Under certain circumstances these can
exist multiple times within the raw data. This conflicts with the completeness axioms, cf.
Chapter 2.2.

The services classes were designed to ensure a valid processing of such data. Construction
elements that are used by multiple net elements within a net exist uniquely and are ref-
erenced by the appropriate net elements, cf. Algorithm 4. These algorithms are internally
used during the construction of a 4D model for the composition of construction elements
to ensure the consistence of the net topology. However, the functionality can be used for
any other application as well, e.g. to validate the consistence of 3D-nets.

6.3 Typical Application of the Workflow

In the previous chapters, three components of a workflow for an effective handling of
spatio-temporal data have been developed: data management, data dissemination and
a client application.
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Within this section the workflow is demonstrated based on a typical data set. Therefore,
appropriate spatio-temporal data is required. One suitable scenario for such data is the
modelling of the continuous change of a region over a certain period of time. The data
set of the Piesberg landfill site in Osnabrick offers such a data base [Lautenbach and Ber-
lekamp, 2002], [Butwilowski, 2015]. From 1976 to 1993 in total 12 models of the Piesberg
were developed. They describe the continuous transformation of this region, see Figure
84.

Piesberg Dataset
1976 1978 1980 1981
1982 1983 1986 1987
1989 1991 1992 1993

Figure 84 - Piesberg dataset with 12 time steps from 1976 to 1993.
Source: [Butwilowski, 2015]

First, the data, which is represented in the GOCAD file format, is integrated into the in-
ternal structure of the spatio-temporal database presented in Chapter 5.3. For this pur-
pose, a corresponding 4D model is constructed by the use of the GOCAD file-based work-
flow, cf. Chapter 5.3.5. During this process the particular concepts of the comprehensive
data management model are used, cf. Chapter 3.

Subsequently, the data and corresponding spatio-temporal operations are provided by
the Web services described in Chapter 4. This includes WFS queries for single time steps
of the model as well as requests of snapshots that represent the model for a specific date.
The latter are created by an interpolation between two consecutive time steps. In addi-
tion, spatio-temporal operations such as the average speed of the geometry of a 4D
model are queried by the use of the WPS.
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In a next step, such requests are specified and performed by a generic mobile GIS for
spatio-temporal data as presented in Chapter 5. Snapshots that describe the state of the
Piesberg for a specific time t € [tstart, tend] are visualized directly within the mobile GIS.
Alternatively, the data is displayed on top of the camera image by the use of the AR-
mode, cf. Chapter 5.4. This must be realized on site. An overview of the workflow and the
corresponding data flows is illustrated in Figure 85.

3D/4D Geodatabase | Data Infrastructure Mobile GIS

WebFeatureService

For spatio-temporal data

e I
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m (t,) —
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WebProcessingService
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A

m (ti)._

' insnnne ' '
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Figure 85 - Overview of the workflow for the handling of spatio-temporal data.

This completes the workflow for processing spatio-temporal data. In a further step, the
4D model of the Piesberg as well as other 4D models can be easily extended with addi-
tional time steps.
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7  Summary and Outlook

Geoscientific disciplines such as geology, geophysics and geodesy generate various kinds
of spatial and spatio-temporal data. Several modelling tools are involved in this process
using multiple spatial representations such as voxel, g-maps or simplicial complexes. This
thesis focused on the model of simplicial complexes that is used for the geometric mod-
elling of natural structures, e.g. the earth's surface and subsurface. The corresponding
data include point clouds, segment-, triangle- and tetrahedron-nets, i.e. d-simplicial com-
plexes with d € {0,1,2,3}.

Once time is introduced to model the continuous process of spatial structures, an effi-
cient handling of vast amounts of data with an appropriate data management model is
required. Additionally, this thesis treats the dissemination of such data to establish a col-
laborative and comfortable access to the latest information for various client applica-
tions. Finally, mobile GIS are addressed as a typical client application, which provide ac-
cess to data storage and analysis functions on site.

In this thesis three parts of an efficient and practical workflow for the handling of spatio-
temporal data were presented.

The first part is a data management model for spatio-temporal data, which is based on
the five concepts Point Tubes, Delta Storage, Topology Management, Handling of The-
matic Data, and Net Components. First, the adjustments of these concepts along with
their impact on different net dimensions were elaborated. Based on this, the concepts
were merged into a comprehensive data management model and the internal data struc-
ture of this model was described in detail. With this model, it is possible to handle various
kinds of spatio-temporal applications. These include massive changes between consecu-
tive time steps and a differentiated handling of thematic and semantic data. Variable
temporal discretizations of partial regions of a 4D model are managed accordingly. Criti-
cal issues such as the preservation of the net topology between time steps and the han-
dling of boundary regions of adjacent net components could be solved. The data man-
agement model reduces the storage requirements for the handling of 4D models and
accelerates spatial and spatio-temporal operations significantly.

The model was implemented based on the database architecture DB4GeO. Subsequently,
the implementation was validated by the use of multiple test scenarios within a JUnit
framework. API- and file-based data sets were used to check the behaviour each concept
individually and also in interaction with the other concepts. As a result of this examination
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it was discovered that the developed data management model fulfils the postulated re-
quirements and that the individual concepts work as expected. The implementation is
provided to the community as free open source software.

The second part of the workflow is a generic approach for the dissemination of spatio-
temporal data via a network interface. First, the particular requirements for the dissemi-
nation of spatio-temporal data and operations were identified and presented. With the
OGC standards WFS and WPS two widely used standards were selected as a foundation
for the realization of two corresponding Web services. One for the dissemination of spa-
tio-temporal data that is based on d-simplicial complexes and a second for spatio-tem-
poral operations. Therefore, it is now possible to query specific time steps, to compute
interpolated snapshots, and to determine the average speed of a 4D model via a network
interface, e.g. the Internet. These Web services were developed and realized on the basis
of the previously developed data management model. The implementation is based on a
RESTful web application framework. The approach follows the rules of the OGC Web ser-
vice standards and a communication with various clients can easily be established.

Finally, as third part of the workflow a generic mobile GIS for spatial-temporal data was
designed and developed as a typical application. First, the definition of a universal generic
mobile GIS was specified based on the requirements of mobile GIS in general. It was
shown how such a generic mobile GIS can be used in various applications. Subsequently,
additional specific requirements for spatio-temporal data were identified and described.
Based on this, a generic mobile GIS for spatio-temporal data was designed. An implemen-
tation of a prototype of such a mobile GIS application, based on the mobile OS Android,
was developed. Specific snapshots of 4D models are retrieved via a WFS and are visual-
ized directly on the mobile device. A link to a WPS was established and spatio-temporal
operations were queried. The implementation is provided to the community as free open
source software.

Each part of the workflow individually improves the handling and management of spatio-
temporal data:

e The data management model improves the performance of computations and the
processing of spatio-temporal data. Therefore, the response time of requests and
storage requirements are reduced.

e The two Web services enable the dissemination and processing of spatio-temporal
data via a network interface. Thus, a standard based solution for a simultaneous
use by multiple clients is now available.

e The mobile GIS application offers an examination of spatio-temporal data on site
and supports the collaboration between office and field work.
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The combination of these parts form an efficient and state of the art workflow that is
beneficial for research fields such as geothermal energy, geophysics and geomorphology
in terms of data management, data dissemination and field work.

During the entire development process one key challenge was that individual parts of the
workflow had to remain replaceable. To achieve this, the respective realizations were
based on an extensive use of well established standards, so that new parts can still be
easily integrated into the workflow.

The integration of further components into the workflow could, for instance, include
3D/4D modelling tools such as GOCAD as a conventional client application. Another
promising group are virtual reality (VR) devices such as Ocultus Rift*! or HTC Vive*?. Ap-
propriate data can be prepared within a 3D/4D geodatabase architecture such as
DB4GeO. Due to the capabilities of VR devices the user can experience a real 3D impres-
sion. A real time interpolation between individual time steps of 4D models could improve
the visualization of particular changes within a 4D model. Due to a cable connection to a
conventional desktop PC the required computation power should be available.

One direction of further developments is the realization of advanced spatio-temporal
analysis functions. With the data management model developed in the thesis at hand,
the preconditions for a development of such analysis functions are now established. Due
to the use of well known software design standards the integration of additional opera-
tions and analysis functions can be handled in a simple manner. Such functions can in-
clude, for instance, the calculation of differences of a geometric model between two time
steps of a 4D model or the prediction of a transformation for future dates.

The data management model was implemented on top of an object-oriented DBMS due
to the complex and widely ramified structure of spatio-temporal data. Nevertheless, the
model can be implemented in any type of DBMS since the implementation is independent
of the model itself. Therefore, it would be interesting to have an additional realization
based on an object-relational DBMS and to compare the results of both approaches.

As pointed out, there are several advanced query facilities which can be used in different
application fields. Further investigations can focus on the detection of additional use
cases. The access to these facilities, e.g. based on the implementation in DB4GeO, should
be designed in a user-friendly way, i.e. a simple access should be provided.

41 Oculus Rift - a virtual reality device by Oculus VR. Released in March 2016.
42 HTC Vive Rift - a virtual reality device by HTC. Released in April 2016.
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The concept of a general generic mobile GIS was used as a foundation for a realization
for spatio-temporal data. Parallel to this thesis the concept has been used for the reali-
zation of a generic mobile GIS for 2D data, which led to the development of the commer-
cial product GeoTechMobile. This proves the practicability of the concept for 2D data and
should be further investigated. One specific direction of further developments could be
the human-computer interaction.

Another aspect is the importance of mobile GIS in smart city environments. In a smart
city the integration and handling of spatial data is an essential aspect. Therefore, profes-
sional mobile GIS can be used for complex workflows like the organisation of help in case
of emergency.

The preconditions for respective future research are accomplished with this thesis.
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