
Integrated Modelling for 3D GIS 

Morakot Pilouk 

( f a 

Publication 
CENTRALE LANDBOUWCATALOGUS Nlimhpr 40 

0000 0886 4338 



Promotor: Dr. Ir. M. Molenaar 
Hoogleraar in de Theorie van de Geografische 
Informatie Systemen en de Remote Sensing 

Co-promotor: Dipl.-lng. Dr. K. Tempfli 
Associate Professor 
International Institute for Aerospace Survey and Earth Sciences (ITC), 
Enschede 



Morakot Pilouk 

Integrated Modelling for 3D GIS 

Proefschrift 
ter verkrijging van de graad van doctor 
in de landbouw- en milieuwetenschappen 
op gezag van de rector magnificus, 
Dr. C.M. Karssen, 
in het openbaar te verdedigen 
op maandag 24 juni 1996 
des namiddags te vier uur in de Aula 
van de Landbouwuniversiteit te Wageningen 



ITC Publication Series 
Nr. 40 
The research presented in this thesis 
was performed at 
International Institute for Aerospace Survey and Earth Sciences (ITC) 
PO Box 6, 7500 AA Enschede, The Netherlands 

The examining committee: 
Prof. Dr. Ing W. Förstner, the Institute for Photogrammetry, University of Bonn, Germany 
Prof. Ir. A. Beulens, Department of Computer Science, WAU, The Netherlands 
Dr. P.J.M. van Oosterom, Cadastre, Apeldoorn, The Netherlands 
Prof. Dr. J. Grasman, Department of Mathematics, WAU, The Netherlands 
Prof. Dr. W. Kainz, Department of Geoinformatics, ITC, The Netherlands 

LANDBOUVVUNlVE^JÎTan-

WAGSNÏNGEN 

CIP-DATA KONINKLIJKE BIBLIOTHEEK, DEN HAAG 

©1996MorakotPilouk 

Integrated modelling for 3D GIS 

Thesis Wageningen Agricultural University and ITC, 
with index, ref. Summary in Dutch 
ISBN 90 6164 122 5 

Subject headings: 3D geographic information system, geometric data integration, spatial 
modelling, irregular tessellation, simplicial network. 



0oï7oU ill! 

Morakot Pilouk 

Integrated Modelling for 3D GIS 

Thesis 
to fulfil the requirements for the degree of doctor 
in the Agricultural and Environmental Sciences 
on the authority of the rector magnificus, 
Dr. CM. Karssen, 
to be publicly defended 
on Monday 24th June 1996 
at 16.00 hours in the Auditorium 
of Wageningen Agricultural University 

b- CÀpi/lOl 



PROPOSITIONS »M 

related to the dissertation 
Integrated modelling for 3D CIS 

(6) The client/server approach for GIS applications can be a good solution for providing 
access to all required functions and data when they are distributed over different 
independent subsystems. Once the required functions are available in a single GIS, the 
client/server architecture can be simplified to serve for only distribution of data. 

(7) GIS is a discipline with a very large scope. Since the discipline is relatively new, it is still 
lacking a unifying theory that interrelates the many different aspects. This makes 
'navigation' the very first subject in GIS, not only concerning how to read maps or to 
find a route, or a location, but also to move over this ocean of knowledge more 
peacefully. A unifying theory would provide a guideline for studying and using GIS, 
that is to say, facilitating navigation in this discipline, with a benefit comparable to 
introducing GPS in real-world navigation. 

(8) At a very primitive (atomic) level, organisms have more common aspects than at a 
higher level of complexity. Thus to achieve a highly integrative result we should 
consider integrating at the level at which things no longer appear fundamentally 
different 

(9) If we want to be convinced that what we experience through the computer is realistic, 
we must first ensure that what is stored in it is realistic. 

(10) Our abilities cannot be recognized if we lack of ability to show them. Many 
presentation tools and media are available to us, but these require that we also have 
the ability to learn to use them and also that we have the ability to go out and present 
what has been done. When developing all these abilities, we might lose sight of the 
abilities we originally wanted to demonstrate. 

(11) It is important that each subordinate recognizes the boss. But it is more important that 
the boss recognizes the importance of his subordinates. 

(12) We cannot make an engine run by simply removing a gear that refuses to rotate. In 
most cases, just a IrtrJe lubrication helps that gear to run better. If the engine does not 
run because two gears are in conflict removal of either gear would not make the 
engine run either. A slight adjustment would help in this case. In both instances, a 
simple assessment of the solution still requires an expert A non-expert solution, such 
as simply replacing the entire engine, is likely to be both expensive and wasteful. 

Morakot Pilouk Enschede 
24 June 1996 The Netherlands 



PROPOSITIONS 
related to the dissertation 
Integrated modelling for 3D GIS 

(1) A 3D spatial model that supports high-quality representation of real-world objects and 
the (spatial) relationships among them is needed so that object manipulation in the 
database becomes highly comparable to the manipulation of real-world objects. The 
richness of operations, which reflects the functionality of the system, depends on the 
complexity of the spatial model. 
• This thesis 

(2) The integrated 3D spatial data model must be able to: 
- accommodate objects of various dimensions, especially ranging from OD to 3D 
-maintain relationships among data elements and the topological descriptions 
between simplices and complexes 

- support the modelling of objects with determinate and indeterminate spatial extent. 
- permit the modelling of objects with spatial coincidence (multi-theme) 
- expand to accommodate objects of more dimensions 
- permit derivation of a unified data structure for the implementation. 
A 3D spatial model based on the simplicial network concept meets all of these 
requirements. 
• This thesis 

(3) Both direct and indirect representations of spatial objects should be possible within 
a spatial information system. The combination of these representations can be 
realized in one database if an appropriate data model based on simplicial networks 
is used. 
• This thesis 

(4) The efficient exploitation of a 3D spatial model, based on the use of simplicial 
networks, requires the construction of an information system that integrates and 
adapts various technologies. The difficulty in constructing such a system is still a small 
price in comparison with the benefits for future users of 3D GIS. 

(5) The existing data models in fact represent different views of reality. The database 
based on an integrated data model can be regarded as the integration of views. As 
such, an integrated database will contain excessive data for an individual application 
and, hence, imply longer response times than offered by a dedicated database. A 
remedy to this disadvantage is to use existing data models to define view-specific 
spatial index schemes on top of the integrated database. The possibility of defining 
a view-specific spatial index must also be offered to the user. 
• This diesis 

Morakot Pilouk Enschede 
24 June 1996 The Netherlands 



ABSTRACT 

Pilouk, M., 1996. Integrated modelling for 3D CIS. PhD Thesis, Department of Geographic 
Information Processing and Remote Sensing, Wageningen Agricultural University, The 
Netherlands, 200 pp 

A three dimensional (3D) model facilitates the study of the real world objects it represents. A 
geoinformation system (GIS) should exploit the 3D model in a digital form as a basis for 
answering questions pertaining to aspects of the real world. With respect to the earth sciences, 
different kinds of objects of reality can be realized. These objects are components of the reality 
under study. At the present state-of-the-art, different realizations are usually situated in separate 
systems or subsystems. This separation results in redundancy and uncertainty when different 
components sharing some common aspects are combined. Relationships between different 
kinds of objects, or between components of an object cannot be represented adequately. This 
thesis aims at the integration of those components sharing some common aspects in one 3D 
model. This integration brings related components together, minimizes redundancy and 
uncertainty. Since the model should permit not only the representation of known aspects of 
reality, but also the derivation of information from the existing representation, the design of the 
model is constrained so as to afford these capabilities. The tessellation of space by the network 
of simplest geometry, the simplicial network, is proposed as a solution. The known aspects of 
the reality can be embedded in the simplicial network without degrading their quality. The 
model provides finite spatial units useful for the representation of objects. Relationships 
between objects can also be expressed through components of these spatial units which at the 
same time facilitate various computations and the derivation of information implicitly available 
in the model. Since the simplicial network is based on concepts in geoinformation science and 
in mathematics, its design can be generalized for n-dimensions. The networks of different 
dimension are said to be compatible, which enables the incorporation of a simplicial network 
of a lower dimension into another simplicial network of a higher dimension. 

The complexity of the 3D model fulfilling the requirements listed calls for a suitable construction 
method. The thesis presents a simple way to construct the model. The raster technique is used 
for the formation of the simplicial network embedding the representation of the known aspects 
of reality as constraints. The prototype implementation in a software package, ISNAP, 
demonstrates the simplicial network's construction and use. The simplicial network can 
facilitate spatial and non spatial queries, computations, and 2D and 3D visualizations. The 
experimental tests using different kinds of data sets show that the simplicial network can be 
used to represent real world objects in different dimensionalities. Operations traditionally 
requiring different systems and spatial models can be carried out in one system using one 
model as a basis. This possibility makes the OS more powerful and easy to use. 

Keywords: 3D geographic information system, geometric data integration, spatial modelling, 
irregular tessellation, simplicial network. 



SAMENVATTING 
Pilouk, M., 1996. Geïntegreerde modellering voor 3D CIS, Proefschrift ter verkrijging van de 
doctorsgraad, Vakgroep Geografische Informatieverwerking en Remote Sensing 
Landbouwuniversiteit Wageningen, Nederland, 200 pag. 

Een drie-dimensionaal (3D) model vergemakkelijkt het bestuderen van ruimtelijke objecten. Een 
geoinformatie-systeem (GIS) kan van een 3D model in digitale vorm gebruik maken om vragen 
over de werkelijkheid te beantwoorden. Bij de huidige stand van CIS-technologie worden in 
de aardwetenschappen vaak verschillende objecten in afzonderlijke systemen of sub-systemen 
weergegeven. Deze scheiding resulteert meestal in overtolligheid en tegenspraken wanneer 
verschillende componenten van de werkelijkheid, met een aantal gemeenschappelijke 
aspecten, vervolgens worden gecombineerd. Verhoudingen tussen verschillende objecten of 
tussen onderdelen van een object kunnen dan niet goed weergegeven worden. Dit proefschrift 
tracht daarom de integratie van de componenten met een aantal gemeenschappelijke aspecten 
in een 3D model te verwezenlijken. Deze integratie brengt aan elkaar gerelateerde objecten 
samen, vermindert overtolligheid en tegenspraken. Aangezien het model niet alleen de 
weergave van bekende aspecten van de realiteit moet mogelijk maken, maar ook het 
vervolgens afleiden van informatie uit deze weergave, is het ontwerp van het model op beide 
processen gericht. 

Kort samengevat is het ontwerp gebaseerd op een opdeling van de ruimte door een netwerk 
van eenvoudige geometrie, namelijk het 'simplicial network' (netwerk van simplices, 
geometrische basiselementen). Reeds bekende aspecten van de realiteit kunnen vastgelegd 
worden in het 'simplicial network' zonder aan kwaliteit in te boeten. De eindige ruimtelijke 
eenheden van het netwerk bevorderen dat objecten door het model getrouw worden 
weergegeven. Ruimtelijke relaties tussen objecten kunnen gevonden worden via de relaties 
tussen de geometrische elementen waaruit ze zijn opgebouwd. Tegelijkertijd vergemakkelijken 
deze bouwstenen het maken van berekeningen en het afleiden van informatie die impliciet in 
het model aanwezig is. De conceptuele grondslag van 'simplicial networks' laat generalisatie 
toe naar ruimtes van willekeurige dimensies. De netwerken van diverse dimensies kunnen 
compatibel gemaakt worden, zodat een 'simplicial network' van een lagere dimensie 
opgenomen kan worden in dat van een hogere dimensie. 

De complexiteit van het 3D model dat aan de bovengenoemde voorwaarden voldoet, vraagt 
om een passende constructiemethode. Dit proefschrift stelt een simpele manier voor. Een 3D 
rastertechniek wordt gebruikt voor het genereren van een 'simplicial network', waarbij de 
geometrie van ruimtelijke objecten als randvoorwaarde wordt gebruikt. De implementatie van 
het prototype in een software pakket, ISNAP, toont bouw en gebruik van zo'n 'simplicial 
network'. Het 'simplicial network' vergemakkelijkt ruimtelijke en niet-ruimtelijke 'queries', 
berekeningen, 2D en 3D visualisaties. De experimentele testen tonen aan dat het 'simplicial 
network' kan worden gebruikt om ruimtelijke objecten in verschillende dimensies weer te 
geven. Handelingen die nu nog in de praktijk op het gebruik van verschillende systemen en 
ruimtelijke modellen gebaseerd zijn, kunnen met de nieuwe benadering worden uitgevoerd 
in één systeem met gebruik van maar één model als basis. Deze mogelijkheid maakt het GIS 
krachtiger en tevens gemakkelijker in het gebruik. 

Sleutelwoorden: 3D geografisch informatie systeem; geometrische gegevensintegratie; 
ruimtelijke modellering; onregelmatige opdeling; 'simplicial network'. 
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I seem to have been only a boy playing on the seashore, and diverting myself in now and then 
finding a smoother pebble or a prettier shell than ordinary, whilst the great ocean of truth lay 
all undiscovered before me. 
Sir Isaac Newton (1642-1727) 

We believe that if men have the talent to invent new machines that put men out of work, they 
have the talent to put those men back to work. 
John F. Kennedy (191 7-1963) 

With malice towards none; with charity for all; with firmness in the right, as God gives us to see 
the right - let us strive on to finish the work we are in. 
Abraham Lincoln (1809-1865) 



1 
INTRODUCTION 

Exploiting digital computing technology to improve the quality of life, or prevent or mitigate 
hazards or disasters, first requires the construction of a model in digital form of the part of the 
earth and its environment concerned. Such a model, a simplified description of complex reality, 
can conveniently be used, stored, managed, maintained, distributed, and transported. Even a 
complex model may be stored on a small scale, on diskettes, tape cartridge or CD ROM, or 
transmitted via communication networks. A digital model contains spatial and non spatial 
aspects of reality and provides a basis for operation and communication among the interested 
parties. A model distinguishes objects. An object, or a set of objects, comprises the elements 
of reality under investigation. Spatial aspects are those related to shape, size and location. They 
pertain to geometric properties. Non spatial aspects include name, colour, function, price, 
ownership, and so forth, often referred to as thematic properties. Spatial aspects of reality can 
be well and economically represented in the form of graphics, whereas non spatial aspects, in 
many cases, can better be represented in text Graphic representation facilitates rapid 
understanding of the situation in reality, permitting high level abstraction or description about 
neighbouring relationships, while the textual representation is more suitable for aspects that 
cannot be graphically described. 

A digital model must be capable of relating these two representations. Creating such a model 
as an artificial construction of reality in a computing environment requires a tool set exploiting 
the technology both of computer graphics (CG) (Sutherland 1963,1970, Foley et al 1992, Watt 
1993) and database management (DBM). Geographic information systems (GIS, Burrough 1986, 
Maguire et al 1991), and computer aided design (CAD) are examples of such tools. The essential 
difference between GIS and CAD is the handling of the spatial aspects rather than the non 
spatial aspects. 

1.1 Needs for 3D GIS 

We live in a three dimensional (3D) world. Earth scientists and engineers have long sought 
graphic expression of their understanding about 3D spatial aspects of reality in the form of 
sketches and drawings. Graphical descriptions of 3D reality are not new. Drawings in 
perspective view date from the Renaissance period (Devlin 1994). 3D descriptions of reality in 
perspective view change with the viewing position, so their creation is quite tedious. Traditional 
maps overcome this problem by using orthogonal projections of the earth. However, they offer 
a very limited 3D impression. 

These traditional drawings and maps reduce the spatial description of 3D objects to 2D. Using 
computing technology, however, knowledge about reality can be directly transferred into a 3D 
digital model by a process known as 3D modelling. A 3D description of reality is independent 
of the viewing position. Adequate cover of the aspects of reality under investigation requires 
its understanding from many different viewpoints. The disciplines of geology (Carlson 1987, Bak 
and Mill 1989, Jones 1989, Youngman 1989, Raperand Kelk 1991), hydrology (Turner 1989), civil 
engineering (Pétrie and Kennie 1990), environmental engineering (Smith and Paradis 1989), 
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landscape architecture (Batten 1989), archeology, meteorology (Slingerland and Keen 1990), 
mineral exploration (Sides 1992), 3D urban mapping (Shibasaki et al 1990, Shibasaki and 
Shaobo 1992), all draw on 3D modelling for the efficient completion of their tasks. 

A 3D model is the basis of a system providing the functionality to accomplish the task in hand. 
Scott (1994) has summarized the work of Bak and Mill (1989), Fisher (1993), Kavouras and Masry 
(1987), Raper (1989), Raper and Kelk (1991 ), and Turner (1989), to provide a set of functions that 
can be expected from 3D modelling. These should provide the means for constructing a 3D 
model from disparate inputs, permit the maintenance of existing models, facilitate effective 3D 
visualization with, for example, orthographic, perspective or stereo display with hidden 
line/surface removal, surface illumination, texture mapping; and spatial analyses enabling the 
calculation of volume, surface area, centre of mass, optimal path; spatial and non spatial search 
and inquiry. 

CAD is a typical CG tool for 3D modelling used in, for example, car, machinery, aircraft and 
spacecraft design, the construction industry, and architecture. CAD focuses on the geometric 
aspect of the model and its 3D visualization. An example would be a perspective view with 
hidden line and surface removal, surface illumination, ray tracing, and texture mapping. The 
question arises whether CAD can support all the tasks required in the disciplines listed above. 
Attempts have been made to use CAD for tasks in earth sciences requiring 3D modelling and 
functionality. However, it cannot immediately be assumed that CAD is suited to those tasks, for 
the following reasons. 

• CAD was developed to solve problems in the design of man made objects with well 
or predefined shapes, sizes, spatial relationships and thematic properties. CAD does 
not provide the tools for data structuring, or dealing with objects lacking such well-
defined shapes, sizes, spatial relationships and thematic properties. Neither is it 
capable of analysing spatial relationships, nor coping with the disparate data sets and 
uncertainty typically encountered in GIS. For example, CAD will not reliably maintain 
the neighbourhood relationships between objects important in earth science analyses, 
because these relationships may not be considered significant for the design. 

• Designing an object, such as a building, is a subjective matter. All aspects of objects 
and their relationships have to be decided by a human designer; there is little that can 
be automated. Earth science applications seek to model existing objects, with shapes, 
sizes and interrelationships outside human control. Here, automation is desirable 
because of the large number of objects involved. Some relationships important for 
spatial analysis have to be created automatically. CAD does not usually provide a 
function for this kind of automation. 

• CAD starts the object definition from 3D. When objects are broken down in 2D 
components, the relationships between them are known. Earth science applications 
typically model components of reality separately, mostly in 2D, and are dominated by 
the application view, available tools and information. The components have to be 
combined and their interrelationships discovered at a later stage. That is quite difficult 
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since CAD does not usually provide sufficient tools to derive the relationships between 
the separate components. 

• CAD creates a complex object by combining several components possessing such 
simple geometry as a cube, cylinder, or sphere. The operations of transformation, 
union, and intersection can be readily applied to such components to obtain the 
complex object Earth science applications usually treat a complex object as a whole. 
Decomposition into primitives is comparable to reverse engineering, the opposite of 
CAD. The modelling approach used by CAD may not therefore always be suitable for 
earth science applications. Geometric primitives of an even lower level, such as points 
and lines, are needed to represent complex reality beyond man made objects. These 
geometric primitives also determine the related operations which CAD may not be 
capable of providing. 

A more suitable tool for earth science 
applications would be a GIS providing a 3D 
modelling capability, that is to say, a 3D 
GIS. At the time of writing, a GIS capable of 
providing the functions in the above list 
with full 3D modelling capability is not 
commercially available. Most GISs still limit 
their geometric modelling capability to 2D 
so that the 3D representation, analysis and 
visualization provided by CAD are not 
possible. Most endeavours to model the 
third dimension can be found in the 
representation of terrain relief and in digital 
terrain models (DTM). DTM can facilitate 
spatial analyses related to relief, including 
slope, aspect, height zone, visibility, cut and Figure 1.1 Single-valued surface (a), 3D solid 
fill volume, and surface area, and the 3D object (b) and multi-valued surface (c). 
visualization of a surface, as in a perspective 
view. However, the basis of DTM is a continuous surface with a single height value for every 
planimetrie location (see Figure 1.1a). DTM cannot accommodate a 3D (solid) object, or a 
surface with multiple height values at a given planimetrie location (see Figure 1.1b and Figure 
1.1c, respectively). 

Although raster-based systems which could be regarded as 3D GISs are available, they may not 
be able to maintain the knowledge about reality available in the original data set. This 
knowledge may be lost because of the problems of resolution and resampling. As a remedy, 
the original data set would have to be stored separately from the model, for example, for: 
• recreating the model if the result proves to be unsatisfactory because of unsuitable 

mathematical definition 
• creating another model with different resolution 
• merging with another data set to create a new model 
• archiving as a reference to, or evidence of, the model. 
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These activities imply the need to store original data in an appropriate structure ready for future 
use. Necessary information about the data should be attached to each data element. In DTM 
for instance, information that a line is a breakline should be kept because it will have an impact 
on the interpolation. Similarly, other information can be attached which influences data 
handling strategies. 

Since neither CAD nor GISs can at present fulfil the requirements of earth science applications, 
further research and development of a 3D GIS would seem appropriate. 

1.2 The Need for Integrated Modelling 

Objects with known or well-
defined spatial extent, location 
and properties 

Objects with unknown or not 
well-defined spatial extent, 
location and properties 

In addition to the problem of creating a 
system capable of offering 3D modelling and 
functionality, there is a further problem 
concerning the type of 3D model chosen as 
the basis for 3D GIS. The model contains 
knowledge about reality, so we consider 
below the types of real world objects it must 
represent Two kinds of real world objects may 
be differentiated in terms of prior knowledge 
about their shapes and location, as shown in 
Figure 1.2. In reality, objects from the two 
categories coexist. Traditional GIS models the 
objects of each category independently with 
the result that two separate kinds of systems or 
subsystems have been developed. 

Raper (1989) has also defined these two Figure 1.2 Two types of'real world objects with 
categories of objects. The first category, respect to their spatial extent. 
regarded as 'sampling limited', is for objects 
having discrete properties and readily determined boundaries, such as buildings, roads, bridges, 
land parcels, fault blocks, perched aquifers. The second category, known as 'definition limited', 
is for objects having various properties that can be defined by means of classification, using 
property ranges. For example, soil strata may be classified by grain-size distribution; moisture 
content colloid or pollutant in the water by percentage ranges; carbon monoxide in the air by 
concentration ranges, and so forth. Molenaar (1994a) regards these objects as 'fuzzy spatial 
objects'. 

Separate modelling of these two categories of objects tends to contradict the reality, which 
leads to difficulties in representing their relationships. Such a question as, 'How many of the 
people working in a 50-storey office building are affected by polluted air generated by vehicles 
in nearby streets during rush hours'; cannot be answered until the two separate models are 
combined, as shown in Figure 1.3. Modelling them together with more accurate representation 
of their relationships in the 3D environment requires the integrated 3D modelling forming the 
general aim of this thesis. 



INTRODUCTION 

Note also that the properties of an object 
may be well defined in some specific Objects with discernible boundaries 
dimensions and ill defined in others. For 
example, given a DTM data set representing 
a surface, the planimetrie extent of regions 
at the elevation of 100 metres above mean 
sea level cannot be defined until the result 
of interpolation based on a mathematical 
definition (for example, linear interpolation) 
is obtained. That is to say, although the 
spatial extent of this region may be known 

in the z-dimension, the spatial extent in objects with indiscernible boundaries-
planimetry (x, y) has still to be discovered. 
The model must contain the aspect Figure 13 An example of'two types of'real world 
allowing the appropriate operation, such as objects. 
interpolation or classification, if the required 
description of the properties of an object is to be obtained. 

Apart from the problem of the separate modelling of the two types of objects, there remains 
the further problem of the separate modelling of an object's components. These components 
are relief and planar geometry associated with thematic properties. This separation has resulted 
in independent systems and data structures, DTM and 2D CIS, respectively. The consequences 
are data redundancy, which may lead to uncertainty when the two data sets are combined and 
only one data set has been updated. 

DTM can facilitate several GIS analyses and visualization taking into account the third 
dimension. The spatial information stored in DTM and in CIS, however, can only be related 
through coordinates. This implies that relationships between different components may not be 
properly represented because of metric computation instead of topology. To overcome this, 
information derived from DTM must be converted into a form CIS can recognize. For example, 
information about a slope or height zone must first be converted into a thematic layer of GIS 
for further overlaying before the spatial analysis can be carried out Imagine having information 
about the relief, planimetry and themes integrated into one model, so that conversion of such 
information as slope, height zone and so forth were no longer necessary. Such a question as, 
"Which land parcels are subject to one-metre flooding?' could be answered from one model. 
Integrated modelling of this kind is evidently also required for 3D GIS. 

1.3 Problems Associated with Integrated Modelling for 3D GIS 

Establishing a 3D GIS while taking into account the integration of the necessary components 
and different types of objects requires the solution of the following problems related to the 
spatial model representing reality: 

1) Design of a spatial model 
• design of an integrated data model, or a scheme, permitting the derivation of a unified 

data structure capable of maintaining all the components of the geometric 
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representation of real world objects, whether obtained from direct measurements or 
from derivations, in the same database. Each geometric component must be capable 
of representing a real world object differently understood by different people. 

2) Construction of a spatial model 
• development of appropriate means and methods for 3D data acquisition 
• coordinate transformation into common georeferencing when different components 

are to be included into one database 
• development of a data structuring method that unites the data from various inputs of 

multi sources into an integrated database capable of being maintained by a single 
database management system 

• design of thematic classes to organize representation of real world objects with 
common aspects into the same category 

• solving the uncertainty arising from discrepancies from different data sets during the 
integration process and converting the uncertainty into a 'data quality* statement to 
be conveyed to the end user. 

3) Utilization of a spatial model 
• utilization of existing components, such as 2D data and DTM (backward compatibility) 

and preparation of those components for future incorporation into the higher-
dimension model (forward compatibility), to save the costs of repeating data 
acquisition 

• development of additional spatial operators and spatial analysis functions 
• development of manoeuvrable graphic visualization permitting the selection of 

appropriate viewpoints and representation enabling convenient adequate uncovering 
of the details of objects stored in the database 

• design of 3D cartographic presentation of information, including name placement, 
symbol, generalization, etc. 

• design of a user interface and query language allowing users access to the integrated 
database 

• development of a spatial indexing structure that speeds up data retrieval and storage 
processes for the integrated database, including specific (database) views for each user 
group and guidelines keeping these views updated according to the core database 

• development of tools for navigating among different models stored in databases at 
different sites and computing platforms. 

4) Maintenance of spatial model 
• design of updating procedures, including the development of consistency rules 

ensuring the logical consistency and integrity of the integrated database, especially 
during the updating process. 

1.4 Scope of This Research 

It is not the intention of this research project to solve all the problems defined above, nor to 
achieve a fully functional 3D CIS. The scope of this thesis puts the major emphasis on the 
design of a 3D spatial model limited to the conceptual and logical design, and the construction 
of the spatial model according to that design. Because of the shortcomings of the raster 
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approach, preference is given to the vector approach. Therefore, the study is limited to 
modelling in the vector domain. Apart from the design and construction issues, the exploitation 
of the spatial model in spatial query, analysis and visualization, are also included. It is not the 
aim of this thesis to address in detail: 

dynamic or temporal aspects of reality 
problems of different georeferencing during integration 
handling uncertainty from different observations and data quality 
generalizing input and output for both graphics and database 
spatial indexing to achieve highly responsive operation 
designing and optimizing a thematic hierarchy representing the organization of real 
world objects with common properties 
designing consistency rules for updating 
designing spatial operators for spatial analysis. 

1.5 Previous Work 

The status and progress of research in the 3D CIS field within the scope of this thesis and the 
identification of solutions and remaining problems are made clear from the following review 
of previous work. 

The development of data models for a 3D GIS has branched in two directions. The first is the 
full 3D approach that looks directly into the design of a data model suitable for 3D GIS. 
Molenaar (1989) proposed a formal data structure (FDS) for a 3D vector map which may be 
regarded as a generalization of the 2D version of FDS. Shibasaki and Shaobo (1992), Rikkers et 
al (1993), Bric (1993), Bric et al (1994), and Wang (1994) have reported experimental use of 3D 
FDS. 

The second approach comes from the viewpoint referred to as the 'integration of DTM and 
GIS'. DTM became a discipline in its own right in the late 1950s (Miller and Laflamme 1958). 
Fritsch (1990) has recognized the work of Makarovic (1977) as a proposer of this integration. 
Males (1978), though not addressing the integration issue, demonstrated the use of a 
triangulated irregular network (TIN) permitting the attachment of thematic information with 
elements of TIN in the ADAPT system. 

Further steps towards this integration date from the late 1980s, when DTM became an essential 
part of many complex spatial analyses in GIS in erosion and slope protection, flood protection, 
the planning of irrigation for agriculture, the geometric correction of remotely sensed images, 
and so forth. Würländer (1988) investigated some strategies for integrating DTM into GIS. 
Sandgaard (1988) described an attempt at integrating DTM into the Dangraf system to facilitate 
the production of maps with contour lines. Mark and colleagues (1989) reported an approach 
to interfacing a GIS based on quadtree (Samet 1990) with a regular grid DTM for display or 
analysis. Ebner and colleagues (1990) proposed the 'subroutine interface' which was 
implemented in the program package HIFI-88. Subroutines for interactive editing of GIS are 
provided for updating DTM, for example, point insertion and deletion, and the change of 
coordinates in planimetry and height while databases of DTM and GIS remain separate. Ebner 



INTRODUCTION 

and Eder (1992) reported drawing on this approach to the facilitation of spatial analysis, using 
the HIFI-GIS interface with the SICAD-Hygris System to analyse forest damage in terms of such 
relief parameters as height, slope and exposition. Fritsch (1990) reported the realization of 
integration at the data structure level. Rather than a full 3D data structure, he suggested an 
approach that separates two geometric databases for terrain and situation data from another 
for thematic data. These three data sets are managed within one object oriented database 
environment Fritsch and Pfannenstein (1992a) weighed the advantages and disadvantages of 
integration based on regular-grid, TIN and a hybrid of both. Fritsch and Pfannenstein (1992b) 
extended this comparison to the layer (organizing different themes in specific layers) and object 
class (organizes objects into a hierarchy) approach. 

An issue in spatial modelling concerns the representation of spatial relationships. Egenhofer 
(1989), Jackson (1989), Kainz (1989), and Pigot (1991) have described the representation of 
spatial relationships between objects in 2D and 3D space, based on sound mathematical 
concepts. 

Regarding the issue of model construction, CAD and most CG software packages provide 
interactive tools for the manual construction of models of objects with discernible boundaries. 
Manual construction is labourious and the method would not cope with large numbers of 
objects. For objects with indiscernible boundaries, significant progress has been made in 
computational geometry based on 2D and 3D Voronoi tessellation (Voronoi 1908, Thiessen 
1911, Dirichlet 1850), in the construction of TINs, and tetrahedral networks (TEN). Watson 
(1981), Avis and Bhattacharya (1983), Edelbrunnner and colleagues (1986), Tsai and Vonderohe 
(1991), Midtbo (1993) have all suggested methods for the construction of TEN based on 
Delaunay triangulation criteria (Delaunay 1934). These methods were extensively applied long 
ago to the construction of TIN (Shamos and Hoey 1975, Lawson 1977, Lewis and Robinson 
1978, Sibson 1978, McCullagh and Ross 1980, Lee and Schachter 1980, Bowyer 1981, Watson 
1981, Mirante and Weingarten 1982, Maus 1984, Dwyer 1987, Sloan 1987, Macedonio and 
Pareschi 1991, etc.). However, these developments are quite independent of GIS. 

For the issue of the exploitation of the 3D model, considerable progress has been reported in 
two other disciplines exploiting CG technology, namely CAD and virtual reality (VR). CAD and 
VR provide a realistic visualization capability, that is to say, perspective display with hidden line 
and surface removal, shading and surface illumination, ray tracing, and texture mapping. In 
addition, VR provides high interactivity within the concept of 'functional realism', allowing the 
user to manipulate and interact with virtual objects stored in the computer's database as in 
reality. For instance, the user can 'grab' a virtual object displayed on the computer screen, using 
the interfacing device called a 'data glove' which sends feedback to the user's hand (for 
example, a pulse, or vibration) as soon as the virtual object is virtually touched. Developments 
in this direction are also quite independent of GIS. 

The status of the research in 3D GIS and the most relevant remaining problems can be 
summarized in the following statements. 
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• The full 3D approach, 3D FDS, does not support well the modelling of real world 
objects whose boundaries cannot be directly determined; further extension to cover 
this issue is needed. 

• Progress made by the integration approach can only achieve solutions for surface 
related objects with little support from theoretical concept of spatial modelling. 
Extension of this approach to full 3D based on sound spatial mathematics is required. 

• Efficient methods for data acquisition, data structuring, database creation and 
updating with respect to 3D GIS have yet to be developed. 

• The incorporation into 3D GIS of independent developments in 3D visualization and 
3D geometric construction, whether manual (interactive 3D graphical editing) or 
automatic (3D Voronoi and tetrahedral network), needs further research. 

These problems lead to the following research objectives. 

1.6 Research Objectives 

The four main objectives of this research are to: 
1. review and relate the important theoretical foundations of integrated spatial modelling 
2. analyse the status and prospects of existing systems and data models for integrated 

geo-information with respect to terrain modelling and 3D-GIS 
3. design a data model, data structure and associated operations for database creation 

capable of integrating objects of different nature and their various components 
4. demonstrate the applicability of the proposed model. 

For the last objective, the applicability of the proposed data model is demonstrated through 
experimental tests and the development of a software package. 

1.7 The Structure of the Thesis 

This thesis may be divided into four major parts. Part one includes the introduction, the 
elaboration of the theoretical foundations and an analysis of the status and prospects of the 
systems for integrated 3D geo-information. This part comprises chapters 1,2 and 3. The second 
part reports the design phase. The focus is the design of the data model and data structure for 
the integrated 3D geo-information. This part includes chapters 4 and 5. The third part is the 
implementation and testing phase. It demonstrates how the design in the second part came 
into practice and explains the operations for database creation. This part includes chapter 6 and 
7. Finally chapter 8, the concluding part, summarizes the most important achievements of the 
thesis. 

Chapter 1 discusses the need for 3D GIS and integrated modelling. The scope of the thesis is 
defined. A brief review of previous work with respect to the defined scope is given, leading to 
the identification of the remaining problems and the objectives of the research. 

Chapter 2 reviews and relates the important fundamental concepts in spatial modelling 
necessary for this research and also defines the terminology used in the thesis. The review 
follows the conceptual and logical design phases in spatial modelling. Mathematics about 
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metric, order and topologie relations, simplicial complex and graph theory necessary for the 
conceptual design are summarized. This part also covers the review of current spatial modelling 
in general, including solid modelling, and models used for geo-information. The last part of the 
chapter briefly reviews relational and object-oriented approaches to the logical design phase. 

Chapter 3 discusses the aspects of the system for integrated 3D geo-information. The major 
functional components of the system are outlined and a review of the technology supporting 
such functions are given. The aspects of systems are classified into evolutionary stages to make 
clear the direction of this research. Existing data models evidencing attempts towards 
integration are reviewed to reveal the need for further development. 

Chapter 4 is devoted to the design of an integrated data model based on the needs for further 
development identified in chapter 3. The design is carried out within the scope defined in 
chapter 1. The development of the integrated data model is done step-by-step from lower to 
higher dimensions. The irregular tessellation of space and the decomposition of spatial objects 
into the minimal primitives are taken as the foundation of the design that follows the FDS 
approach. 

Chapter 5 presents the logical design of the unified data structure derived from the integrated 
data model presented in chapter 4. The relational and object-oriented approaches are 
illustrated. 

Chapter 6 introduces the procedures for constructing a 3D spatial model with respect to the 
integrated data model and data structure described in chapters 4 and 5 respectively. The 
constrained network construction procedure is presented which is crucial for the spatial model 
designed. An approach to the construction of a spatial model, based on the 3D FDS required 
as a structure prior to the constrained network, is also introduced. 

Chapter 7 demonstrates how the integrated database can be applied in the context of GIS. The 
processes of database creation, graphic display, query and analysis carried out are described. 
Three data sets are used for this purpose; surface-based data, urban data and geological data. 
Some attempts to perform the spatial query directly in perspective or stereo view are also part 
of the demonstrations. 

Chapter 8 concludes with the major findings of the research and recommendations of issues 
for future research. 

10 



2 
FUNDAMENTALS OF GEO-SPATIAL 

MODELLING 
This chapter reviews various concepts fundamental to spatial modelling and specifically related 
to geo-information. The aim is to outline the theoretical bases and fundamental concepts 
necessary for the design of a geo-spatial model. Since spatial theory is a relatively young 
discipline developed from a combination of many branches of mathematics and computer 
science, the terminology found in the literature is confusing. In this chapter, the terms used in 
this thesis are clarified. Five important components of spatial model and phases of modelling 
are defined. The emphasis is placed on the conceptual and logical designs of spatial models. 
Mathematical concepts concerning space, objects, and their interrelationships are taken as the 
foundation of the conceptual design of a spatial model. The concept of a simplicial complex 
and the theory of graphs are chosen as methods of representing objects and their 
interrelationships in the model. Existing spatial models are taken as examples to show the lines 
of further development Relational and object-oriented approaches are considered important 
for the logical design of a spatial model. 

2.1 Models and Their Importance for Geoinformation 

In the disciplines related to geoinformation science, the word 'model' has been used in two 
different ways. The first meaning is in the sense of a representation, or replica, of something 
regarded as real or genuine, like a globe in the classroom as a replica of the earth. The second 
meaning refers to something used to produce a number of replicas, and may be needed for the 
mass production of those replicas. The word 'model' in this sense may be comparable to the 
word mould, or form, and has the meaning of design, plan, or scheme. The quality of the 
mould directly influences the quality of t! ; replica, so that more serious attention has to be 
paid to the design and construction of the mould than to the replica. 

Regardless of the meanings of the word model, the process of producing a model is known 
unequivocally as modelling. It is necessary to state clearly what the model and modelling are 
actually meant for. 

In the context of earth science, the end product we seek is a model in the sense of a replica of 
some portion of the planet earth, and is called a geo-spatial model. Since the term 'spatial 
model' covers a large territory over many disciplines ( like the modelling of human anatomy in 
medicine, molecular structure in chemistry, or atomic structure in nuclear physics), we add the 
prefix geo to indicate the scope and purpose of this earth-related model. 

For the information system to utilize the geo-spatial model, it must be constructed in digital 
form, so that it can be maintained and exploited by a computer to perform certain tasks or 
operations that are: 

11 
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1) less convenient in reality; for example, a distance can be obtained from a model 
instead of measuring from place A to B in reality, provided that places A and B are 
represented in the model 

2) too expensive, too difficult or practically impossible in reality; for example, a geologist 
may wish to see the continuou layer of sandstone lying fifteen metres under the 
earth's surface; removal of the upper soil to see this layer in reality is too expensive to 
contemplate. 

The model in a digital form is in fact the database itself. Not only is a database a collection of 
data, it also contains relationships between data elements, and rules and operations to change 
the state of the data elements, regardless of how these components are stored. Components 
may be kept in one data set or separately, at different places, depending on the system that 
manages and manipulates the model— the database management system (DBMS). 

A model containing all aspects of the reality is impossible, because of reality's complexity. Only 
some aspects can be included in the model at a manageable level. Hence, the quality of the 
model is judged only in terms of its purpose and how the model will be used. If the model 
permits the performance of the tasks or operations as required, and with acceptable results, the 
quality may be regarded as good. A model constructed for a single purpose may not be able 
to serve tasks or operations for different purposes, unless it is an integrated model designed and 
constructed for multi purposes. 

A single-purpose model represents only a single view of the reality (Figure 2.1). An integrated 
model represents various views of the re?!'ty, so the integrated model may be considered to 
be of higher value, since it contains more aspects of the reality and may serve more purposes. 

2.2 Components of Geo-spatial Model 

A model in the form of a database requires the categorization of aspects of reality into the 
components of the database managed and manipulated by a DBMS ( Flavin 1981). The 
components of a geo-spatial model include the following: 

1) Object types 
Object types are classes of spatial entities in a geo-spatial model. In reality, they may be a road, 
river, city, land use, and so forth. 

2) Relationships 
Spatial relationships are named associations between two or more spatial objects. For example, 
road A passes through city B. 'Passes through' defines a relationship between the road A and 
the city B, and may be written in a predicate form as 'Pass_through ( road A, city B )' (Molenaar 
1994b). 

3) Attributes, or descriptions 
Attributes, or descriptions, are observed facts about a spatial object or relationship. An attribute 
or description is the smallest (non spatial) unit in the model, and has to be associated with an 
object type or relationship to be meaningful. An attribute or description cannot stand alone in 
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the model. For example, the object type 'road' has the name 'A1 ', indicating that it is a highway 
passing by several cities. 

4) Conventions 
A convention results in a set of rules and constraints that govern the content structure, integrity, 
and operational activity of the model. A convention applies to the entire model. An example: 
a convention stating that 'each feature class contains objects of only one geometric type' results 
in a rule preventing an area object from belonging to a line feature class ( Molenaar 1991). 

5) Operations 
A spatial operation is an action changing the state of the representation of a real world object 
being modelled, or deriving additional information from the current representation. Operations 
can be identified by events. Two types of operations can be distinguished: standard, and user-
defined. Standard operations are provided for routine tasks. A user-defined operation is built 
by combining different types and sequences of standard operations. Standard operations 
include retrieve, add, delete, modify, union, intersect, difference, compare and so forth. They 
can be applied to different components r.' the model. 

2.3 Phases in Geo-spatial Modelling 

Before continuing this review of necessary 
fundamental concepts, the steps followed in 
geo-spatial modelling are defined. 

Obtaining a geo-spatial model requires two main 
steps: the design phase, and the construction 
phase (Figure 2.1). Once the model is in place, 
maintenance forms an additional phase. The 
design phase includes all the abstraction 
processes, ranging from the conceptual design, 
the logical design, to the physical design. The 
product of the conceptual design is referred to as 
a conceptual model, or data model (Peuquet 
1984, Maguire and Dangermond 1991). It 
comprises a general scheme describing what 
should be included in the model. 

View of reality 

Design Phase 

Construction Phase 

Geo-spatial Model 
A 

JL 
Maintenance Phase 

The logical design sets out all the elements Figure 2.1 Geo-spatial modelling. 
needed for the construction, without stating the 
actual size or type of each element of the model. This design results in a logical model, or data 
structure. The physical design phase specifies the actual size and type of each element of the 
model for the implementation of the geo-spatial model. For example, a 16-bit real number may 
be used to store the attribute 'width.' This phase yields an internal model, or file structure, to 
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Application disciplines be used by the software engineer to establish the 
low level communication with the hardware at Geo. infonnation 

the bit and byte level. Figure 2.1 and Figure 2.3 theory 
graphically illustrate this process. 

Molenaar (1994b) also suggests the involvement 
of different disciplines in geo-spatial modelling, 
as shown in Figure 2.2. 

Context mapping discipline 

Spatial modelling 

Conceptual design 

Logical design 

Internal design 

Conceptual Design 

The five components of the geo-spatial model 
listed in the preceding section can be realized in 
these three different design phases: the object Computer science 
types and relations in the conceptual design Figure 2.2 Levels of geo-spatial modelling 
phase; the attributes or descriptions of objects (After Molenaar 1994b). 
and relations in the logical design phase; the 
operations in the physical design 
phase. ( REALITY 

The conventions must operate in 
every design phase. In the conceptual 
design phase, the conventions should 
state the allowable type of objects 
and relations between them to be 
included in the model. In the logical 
design phase, the conventions should 
state how the representation of one 
object is distinguished from another; 
an object should have a unique 
identifier. In the physical design 
phase, the conventions comprise a 
set of integrity and consistency rules 
for the operations that may change 
the state of the model; for example, 
the union of two areas sharing a 
common boundary has to yield only 
one area. 

The design of the model is followed 
by the design and implementation of 
the necessary functions and the user-
interface to enable the construction 
and exploitation of the model. The 
result of this implementation is a geo-
spatial information system (CIS). 
Having constructed the model, it 

a Logical Design 

Physical Design 

1| 
go, 
u 

Representation 
or 

Geo-spatial model 

Geo-spatial Information System 

must be kept valid to ensure that it figure 2.3 Design and construction phases for a geo-
spatial model. 
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remains in a state comparable with the reality, which is dynamic in nature. This is the 
maintenance phase. The basic maintenance operations of insertion, deletion, and modification 
can be applied to any component of the model, that is to say object types, relations, rules, 
attributes and operations. A GIS should a'-o provide functionality to maintain the geo-spatial 
model. 

2.4 Conceptual Design of a Geo-spatial Model 

The design phase deals with the abstraction of reality into the representation scheme. This 
phase answers two basic questions: what aspects of reality (real world objects and the 
relationships between them) are to be modelled; how should they be represented in the 
model? 

A geo-spatial database represents a state of reality from a specific point of view or interest at an 
instant in time (if the temporal aspect itself is not the subject of the model). The reality consists 
of a set of various objects and the relationships between them which should be capable of 
representation as components of the model described in the preceding section. To be 
manageable, it is necessary to determine a limited number of aspects of the reality (objects 
together with the relationships between them) during the design phase which can be 
represented as the first and second components of the model (see section 2.3). 

2.4.1 Definition of Space 

Reality may be viewed as a space, that is to say, a collection of spatial objects and the 
relationships between them (Gatrell 1991). Each spatial object occupies a subspace to define 
its own spatial extent which may be defined by a set of spatial locations together with a set of 
interest properties characterizing those locations (Smith et al 1987). Different sets of relations 
may define different types of space. Metric space, for example, is based on distance 
relationships; topological space is based on topological relationships. 

For the mathematical description of space, we can rely on set theory, introduced by Cantor in 
1880. Let O be a set of objects {o,, o2, o3,..., o{}. R is a binary relation on O if R e O x O. If R is 
a relation on O, the relationship (ov o2) e R can be denoted in prefix form by R(o,, o2 ). A space 
S is then a collection, that is to say, a set of subsets, {[O], [R]}, denoted S - { [O], [R]}. 

In reality, the space is an unbounded region consisting of numerous objects and relations. The 
space S (that is, a finite set) is only a view of reality in which the context is defined for describing 
the aspects of reality relevant to a particular discipline. 

Having determined the collection [O] and [R], the question related to the aspects of reality to 
be modelled can then be answered. An example is only to include in the database the object 
types roads, rivers, buildings and land parcels and the relationships between buildings and land 
parcels, rivers and roads, roads and land parcels. In this sense, this database can be regarded 
as the space S. 
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To answer the second question, how to represent the objects of reality and the relationships 
between them, we have to consider some fundamental concepts of spatial modelling. 

2.4.2 Abstraction of Space 

There are two major abstractions of space, each of which passes on its characteristics to the 
spatial objects residing in that respective abstraction. The first conceptualizes space as 
tessellated into a contiguous set of smaller sub-spaces and is known as a field-based, or 
tessellation-based definition. Each individual spatial object is composed of a set of sub-spaces 
(for example, a raster element in the raster-based GIS). 

The second abstraction treats the space as empty and homogeneous, and consists of a 
collection of spatial objects. It is known as an object-based, or feature-based definition (Ehlers 
et al 1989). 

Each sub-space of the field-based space is typically understood as, and associated with, regular 
shapes, like a square or a cube, usually found in the raster-based geo-spatial model. Irregular 
shapes are also used, such as in the triangular irregular network (TIN) that subdivides the space 
into a set of irregular triangular shapes, as frequently used for the representation of single value 
surfaces. 

For object-based space, the best example is the vector-based geo-spatial model, where each 
object is composed of several vector elements in the form of geometric primitives (such as 
nodes, edges, faces, or bodies). 

Field-based space and object-based space have different advantages and disadvantages. The 
field-based representation of space offers connectivity and continuity in all directions, thus 
providing the freedom to visit any location in space. An intuitive example from reality is 
travelling in free space in an aircraft. The pilot navigates by connecting the information in his 
vicinity, such as landmarks, topography, or a city, to determine the travelling direction, but 
otherwise moves freely. This kind of approximation may be regarded as spatial interpolation. 

Object-based representation does not permit such freedom. The navigation in space is limited 
to a confined subspace defined by each spatial object Connectivity and continuity are defined 
along with the existence of spatial objects. An example from reality would be travelling along 
a highway by car. The highway is comparable to a confined subspace of the global space. It 
restricts travel to a certain direction. The explicit destination is defined for each highway, so 
navigation in space is just a matter of selecting the right highway. No approximation for 
direction is necessary in this case. 

The abstraction of space is typically decided during the conceptual design phase, which is 
usually driven by the type of spatial operations. This thesis presents an attempt to integrate the 
field-based and object-based abstractions into a hybrid abstraction to allow confined and 
unconfined navigation in a geo-spatial model, thereby facilitating a wider range of spatial 
operations. 
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