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ABSTRACT

This thesis is concerned with the design and development of an integrated geographical
information system (IGIS) based on the use of a persistent programming language called
Napier88. It reports on the research carried out to implement a wholly new approach to
deal with the problems of constructing a truly integrated GIS.

The main aspects discussed within the context of this thesis are: -

* an overview of the current status and trends in IGIS development;

* the characteristics and functions of the persistent programming language Napier88;
* the design considerations and the definition of the system architecture of an IGIS;
* the integration of vector map data and raster image data in a persistent store;

* the multiple data modelling of geographical data;

* the superimposition and cross indexing of vector maps and raster images;

* the spatial indexing and querying of geographical data;

* the management of geographical data in a persistent database environment; and

* the implementation of a prototype IGIS.

This thesis concludes that the Napier88 language can provide a sound framework for the
construction of a truly integrated GIS, although some current deficiencies in the language
need to be overcome. Since persistent programming languages are still in the stage of
research and development, more research is necessary to investigate other features that
they could provide which may be beneficial to the development of a truly integrated GIS.
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Chapter 1: Introduction

CHAPTER 1: INTRODUCTION

1.1 The Importance of the Development of an IGIS

The emergence of Geographical Information Systems (GIS) began in the 1960's with a
computer-based technology that allowed the storage, analysis and display of geo-referenced
data. Since then, GIS software packages have usually been developed as being either
vector-based or raster-based, since the vector and raster data formats are the two
fundamental representations of the spatial component of geographical features. Both data
formats have their pros and cons in GIS applications. For example, the vector format suits
those applications involving network analysis, geometric measurement and high-quality
cartographic production, while the raster format is better suited to applications such as
overlay operations, proximity analysis and feature classification [Star and Estes, 1990;
Maguire et al., 1991; Maguire and Dangermond, 1991]. Despite of their equal importance,
a GIS software package requires all data to be stored either in the one format or the other,
since both formats are by their nature incompatible in a database. Quite apart from this, the
specific requirements of digital cartography and the limitations of computer processing and
storage during the early development of GIS packages have resulted in vector-based GISs

being dominant in most application fields.

With the rapid development in both computer and remote sensing technology, the uses of
raster image data have come to the fore in the recent years and are potentially highly useful
in a number of areas. Many researchers feel that the integration of a vector-based GIS and a
raster-based GIS (or image processing system) would lead to important advances in many
kinds of applications [Aronoff, 1989; Ehlers et al., 1989; Fisher and Lindenberg, 1989;
Davis et al., 1991; Estes, 1992]. Such an integration involves bringing together diverse
information from a variety of sources, including maps, field surveys, photogrammetry and
remote sensing, within a single system. Hence, an Integrated Geographical Information
System (IGIS) can be seen as the synthesis of all kinds of geographical information in a
computer system which integrates vector and raster data and technology within the same
working environment [Aybet, 1990; Piwowar and LeDrew, 1990; Shepherd, 1991].

As in any GIS, an IGIS comprises both software and a database. The database component
consists of locational (vector and raster type) and non-locational (attribute type)
information to represent geographical features. The software is made up of various modules
that provide specific functions. There are five essential functions that should be provided in
an IGIS: data acquisition, pre-processing, data manipulation and analysis, data management

and product generation [Star and Estes, 1990].
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Apart from generating products for particular applications, an IGIS communicates and
interacts with its surroundings - the real world and other systems. On the one hand,
information on the locations and characteristics of geographical features is collected by a
variety of data acquisition devices which produce either vector or raster types of locational
data together with associated attribute data which describes non-locational information.
Vector data, which is in the form of geometric coordinates, is collected by devices such as
total stations, stereo-photogrammetric instruments, cartographic digitisers, global
positioning systems and other instruments, usually with the aid of an operator’s
interpretation of the geographical features concerned. By contrast, raster data, which is in
the form of cells or pixels, is generated by devices such as map scanners, or airborne and
spaceborne sensors, all of which are based on an automatic sensing mechanism with an
appropriate sampling technique that detects and records the location and other information
about geographical features. An IGIS must be able to handle both types of data seamlessly
and should be able to communicate and exchange information with other systems such as
CAD systems, digital mapping systems, image processing systems, or another GIS. An
overview of an IGIS with its surroundings is illustrated in Fig. 1.1.

The use of an IGIS has many advantages. A detailed account of the benefits that follow
from the creation of an IGIS is given in Shepherd [1991]. The most significant advantages

can be summarised as: -

1. An IGIS provides a broader range of operations on integrated information than on
disparate sets of data.

2. An IGIS allows users to work in a single information environment without needing to
consider differences in data sources, information types, storage devices, computer
platforms, etc.

3. An IGIS eliminates duplicate data collection and conversion activities, and resolves

the data inconsistency problem.

An IGIS which combines the strengths of both vector and raster technologies is able to
facilitate and deliver more benefits for certain applications. Some gains have already been
achieved by using an IGIS, especially in the areas of DEM (Digital Elevation Model)
generation and terrain visualisation [Kraak, 1993]; change detection and map revision
[Derenyi and Pollock, 1990; Jensen et al., 1994]; the production of digital orthophoto maps
[Grenzdorffer and Bill, 1994] and using vector information as an aid to image classification
[Mason et al., 1988; Janssen et al., 1990; Davis and Simonett, 1991]. These are the most
successful areas in each of which, vector maps have been interwoven with raster images for
analysis and presentation. New applications of an IGIS are emerging such as three-
dimensional spatial modelling for geological exploration, spatial-temporal dynamic

modelling for environmental monitoring, etc. [Fabbri, 1992].
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Chapter 1: Introduction

The integration of geographical information gives rise to various issues, including the
removal of data inconsistency, spatial data standards, the decentralising and networking of
spatial databases, generalisation, database management, integrating modelling functions,
integration of multi-media technologies and GIS, linkage between GPS and GIS, and others
[Ehlers, et al., 1989; Petrie, 1989a, 1989b; Flowerdew, 1991; Coleman and McLaughlin,
1992; Newton, et al., 1992; Arnaud, et al., 1993; Oosterhoff, 1993]. Many papers have
been published on the development of an IGIS since the late 1980's. Among them, the
integration of vector and raster data with their operating functions into a single system is
seen as a key issue in the fundamental design of an IGIS [Jackson and Mason, 1986; Ehlers,
et al., 1989; Newell and Theriault, 1989]. The success and effectiveness of an IGIS mainly
depends on the strategy and methodology adopted in merging these two heterogeneous
data formats into a single system. There are deficiencies or problems in the existing "so-
called" IGISs. The full integration of vector and raster data within a single database is still a
challenging task for GIS researchers to tackle before a truly IGIS can be created.

1.2 The Problems of Implementation of an IGIS

Many attempts have been made to create an IGIS. The most commonly used method is that
where a uni-format based GIS extends its capabilities to deal with the format of its
counterpart, i.e., a vector-based GIS has facilities added for the storage and processing of
data in raster format, or vice versa. As a result, many GIS vendors claim that their software
package is able to support dual-format data. However, the level of integration may be quite

different to that which a user would expect from such a claim.
1.2.1 The Degree of IGIS Integration

An IGIS may achieve different degrees of integration as far as the function of handling
vector and raster data is concerned. The degree of integration can be categorised as being at
one of three levels [Ehlers et al., 1989; Oosterhoff, 1993; Kuo, 1994a] - either at display

level, process level or storage level.

1. Display level : This is the basic function that an IGIS should provide. In this category, a
GIS is composed of two subsystems which process vector and raster data independently
and is able to superimpose the results in a common window. However, only one data
type can be processed or analysed, while the other data type is mainly used as a
backdrop or an overlay for the purpose of feature identification. A dedicated data
conversion or interface program is required to join vector and raster GIS packages
together due to the fact that there is no direct linkage between them. Figure 1.2(a)
illustrates the view of an IGIS with this display level of integration.
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Chapter 1: Introduction

2. Process level : This is the intermediate function that an IGIS may provide. Unlike the
previous category, a system is developed as having vector, raster and interface modules
which can be integrated in a single software package. Because all modules in a GIS
software are closely linked, this kind of IGIS allows both vector and raster data to be
processed concurrently in addition to the capability of superimposition of vector and
raster data. Although the GIS software itself is an integrated unit, different types of data
(vector, raster and attribute) are stored separately in different databases. Figure 1.2(b)
shows the view of an IGIS with this process level of integration.

3. Storage level : This is the ultimate set of functions that an IGIS will provide. Not only
are software modules combined as an integrated unit, as has already been described for
the process level, but also discrete databases are formed as an integrated unit.
Furthermore, both software and database are united as a single system. This type of
integration provides an integrated database environment which ‘hides' the details of
programs and databases from the user, so that it gives the highest degree of integration.
Figure 1.2(c) illustrates the view of an IGIS with this storage level of integration.

In general, the power and sophistication of an IGIS increases as the degree of integration
extends or rises from the display level to the process level, and finally to the storage level

1.2.2 The Methods of Integration

In order to achieve the goal of integration, there are three methods that could be used in the

development of an IGIS.

1. The composite method is to produce a composite system from two existing GISs,
one of which is vector-based, while the other is raster-based.

2. The extended method is to extend an existing vector-based or raster-based GIS to
handle both vector and raster data.

3. The complete method is to develop a GIS that incorporates both vector and raster

capabilities.

The composite method can be implemented by developing a data conversion or interface
program to join a vector-based GIS and a raster-based GIS (or an image processing system)
together. These two independent software packages may be running on the same or
different hardware with 'links' between them. Using this method, the degree of integration is
often limited to the display level since a data conversion program which is commonly used
for data exchange has no explicit linkage between two systems. Very few systems have
reached the process level since the development of a dedicated interface program demands

close collaboration between the vendors of the two systems being integrated. For example,
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the ARC/INFO GIS and the ERDAS image processing system have been integrated through
a ‘Live Link’ interface program that permits the dynamic exchange and display of data from
both systems [Stow et al., 1990; Rado et al., 1991].

The extended method is to modify a uni-format GIS to accommodate the co-existence of
vector and raster data. Developers of existing GISs, which basically are either vector-based
or raster-based, have tried to add a variety of raster/vector processing capabilities within a
single software package. Such a system has a common user interface and a simultaneous
display of maps and images, so that not only the display level but also the process level of
integration can be realised. However, the vector and raster data are kept in different
databases, and quite often, an existing proprietary DataBase Management System (DBMS)
such as Oracle, Ingres, Informix, etc. is used to store the corresponding attribute data.
Therefore, the storage level of integration cannot be achieved by this method. Examples of
systems using the extended method are ESRI’s ARC/INFO [Menon et al., 1991], USL’s
CARIS [Derenyi and Pollok, 1990; Derenyi, 1991], etc.

The complete method is to develop a GIS providing both vector and raster capabilities in
the system design from scratch. The need to create a complete GIS is usually driven by the
realisation of the drawbacks of existing systems. The development of a complete system
may either use conventional database technology but with a dual-format system architecture
or it may adopt a new computer technique or an advanced database technology such as an
Extended Relational DataBase Management System (ERDBMS), an Object-Oriented
Programming Language (OOPL), an Object-Oriented DataBase Management System
(OODBMS), or a Persistent Programming Languages (PPL). For example, GIS software
packages such as Intergraph MGE [Intergraph, 1990], Siemens SICAD-HYGRIS [Siemens,
1989; Kaehler and Theissing, 1989], Genasys Genamap [Genasys II, 1993], and Tydac
SPANS [Intera Tydac, 1993] have been designed to support both vector and raster
capabilities, but are based on a conventional database technology. Some software packages
such as Intergraph’s TIGRIS [Herring, 1987], the Smallworld GIS [Chance et al., 1990]
and Laser-Scan’s prototype IGIS [Hartnall, 1993a] have implemented the OOPL technique
in their system design. Some of these systems will be discussed in more detail in Chapter 2.
The complete method can normally achieve a far better integration of the display and
process levels. However, if the data storage is similar to that used in the extended method,
then the storage level of integration cannot be achieved. With the new advanced database
technology, the degree of integration which can be accomplished should reach the storage
level as well as the display and process levels, depending on which technique is used and
how it is implemented. Nevertheless, only very few systems do actually provide a certain
degree of integration at the storage level, and indeed the devising and implementation of a
truly IGIS with complete levels of integration is still a matter of intensive research and

development.
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Chapter 1: Introduction

have a user interface module built into it. The interface program bridges and communicates
with these two interface modules. In order to process both forms of data in one operation,
data conversion to a single format, i.e. either vector-to-raster or raster-to-vector format
conversion, must take place [Peuquet 1981a, 1981b; Davis and Simonett, 1991]. The
principal advantage of using the composite method is its relative ease of implementation.
However, there are many disadvantages; the major problems are the following [Piwowar
and LeDrew, 1990; Piwowar et al., 1990]:

e The development of an interfacing program requires close collaboration between the
system developers of two GISs because the internal data structure of a software
package is usually proprietary and a commercial secret.

e Data conversion between vector and raster format decreases processing efficiency, and

leads to some generalisation and loss of accuracy.

e Because the choice of a vector or raster function for an application depends on which
format will give the better performance, a composite GIS may end up with having both
vector and raster data for an area. Not only will this increase the use of disk storage, but
it is also very difficult to ensure that both forms of data are always consistent.

e The upgrade of one software package also has to keep the interface program updated,

i.e., system maintenance is difficult and expensive.

The extended method is the most common means used to overcome these problems.
Existing GISs or image processing software will have been extended to allow, for example,
the simultaneous display of vector maps and raster images and to provide processing of
both forms of data in tandem. The extension of existing GISs and image processing
software requires a system to be redesigned to include the capabilities of providing storage
and processing for the additional data format. Although an IGIS developed by this method
provides a more integrated environment than that of the composite method, there are still
some problems [Ehlers et al., 1989; Piwowar et al., 1990]. These are as follows: -

e Existing software and databases have to be restructured in order to add linkages
between vector and raster data. This implies that incompatibilities between upgraded
software and existing databases do indeed exist, so that the task of converting existing
databases or files to suit the updated software version can hardly be avoided.

e The programming language which was used to develop existing systems may not be
able to supply or has limitations to provide the features necessary for this development.
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e Vector, raster and attribute data are kept in discrete databases or files, thus the effort
needed to keep these databases in a consistent state is laborious and costly.

As for the complete method, it is normally able to create an even better integrated software
package if an appropriate programming language has been used for the system
development. In fact, it is also possible to create an integrated database with the novel
features supported by the advanced database technology which will be described briefly in
Section 1.3.1. Nevertheless, if the conventional database technology is explicitly or
implicitly used for building the databases of an IGIS, the complete system can by no means
be termed a FIGIS. For example, object-oriented programming technology has been
recognised as an effective tool to reduce the large costs involved in the implementation and
customisation of complex integrated software [Chance et al., 1990]. However, they may
still use conventional database technology or file systems to store geographical data, and
not all the data is stored in a single database. Furthermore, the conventional database
technology does not support the data models used in an object-oriented program design.
The structured data needs to be translated (or mapped) as they move from the program
domain to the database domain, and vice versa. In summary, the main problems
encountered in the current development of IGISs that use a software integration strategy
are the following:

¢ The complete method through which a software integration technique is applied allows
software developers the possibility to develop an integrated software package at a
comparatively low cost. Nevertheless, all data are not kept in an integrated database.
From a user’s perspective, the maintenance of separate databases is still rather tedious

and expensive.

e The capability of an IGIS is limited by the constraints of conventional database
technology. For example, a traditional relational DBMS does not support the storage
and manipulation of complex objects. Software developers have to keep the mapping
between software programs and databases consistent, in which case, the construction
and maintenance of the software is both tedious and costly.

From the above discussion, one can conclude that, with the partial integration approach, the
software component of an IGIS can be developed as a composite or integrated unit, but the
database component cannot be constructed as an integrated unit due to the deficiencies of

the functions available in the conventional database technology.
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1.3 The Trend Towards a Fully Integrated GIS

From what has been described and discussed so far, it is clear that the central problem in the
design of a FIGIS is the creation of an integrated database which is suitable for holding all
forms of spatial and non-spatial data. The supply of such an integrated database obviously
requires the support of an advanced database technology. In other words, the development
of a FIGIS is totally dependent on the availability of a suitable database technology.

1.3.1 The New Development Tool - Database Programming Languages

Recently, the development of database programming languages which implement the
integration of programming languages and database facilities has advanced to a level where
they can provide a single database environment for storing different types of data with
various data structures. These database programming languages may be generally
categorised as Object-Oriented DataBase Programming Languages (OODBPL) or
Persistent Programming Languages (PPL), depending on the architecture and the data
model implemented in the integration of programming and database facilities. An OODBPL,
which is the meeting of object-oriented programming and database management, provides
both the benefits of the capabilities of modelling and representing the real world as closely
as possible and the traditional facilities of DBMSs such as data persistence, transaction,
recovery, concurrency, efc. [Atkinson et al., 1989; Hamon and Créhange, 1991; Cooper,
1993]. Examples of OODBPLs include 0., ObjectStore, Objectivity/DB, ONTOS,
GemStone, and ITASCA. Most of these programming languages have been integrated with
either the C++ or Smalltalk languages or an object-oriented LISP derivative [Cattell, 1991].
By contrast, a PPL is a programming language which treats persistence as an orthogonal
property of data, and this provides an integrated environment for a consistent treatment of
the data used in both programs and database [Atkinson and Buneman, 1987; Morrison et
al., 1993b]. Examples of PPLs include PS-algol, Napier88, Galileo, Amber, Poly, STAPLE
and FAD [Atkinson and Buneman, 1987; Kirby, 1992; Motrrison et al., 1993a].

Both OODBPLs and PPLs provide similar capabilities of programming and database
management in an integrated system environment, including support for the persistence of
complex objects in object-oriented databases and powerful mechanisms for the
representation of real world entities in the form of a high degree of object abstraction
[Morrison et al., 1987, Hamon and Créhange, 1991; Cooper, 1993]. However, there are
different features present in these two language systems. For example, in a PPL, the
persistence of data is independent of data types, whereas in an OODBPL, it normally
requires explicit organisation of, or even mention of, data movement by the programmers
[Atkinson et al., 1989; Cattell, 1991]. PPLs are usually developed as a completely new
system and need not be dependent on the features supported by other programming

11
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languages, while OODBPLs are generally created by adding database capabilities to existing
object-oriented programming languages. Furthermore, PPLs are program (or process)

centred which means the programmer tends to write procedures which operate over data
rather than treating functions as properties of data. By contrast, OODBPLs tend to be data
centred where the computational aspects of the system have become attributes of the data
[Dearle et al., 1989; Morrison et al., 1989]. It is always worth mentioning that PPLs do not
force users to adhere to an OO programming style; however they allow users to do if they
wish. By contrast, all OOPLSs force users to follow the OO programming style.

1.3.2 Current Status of Research and Development

Considerable research has been devoted to the development of application software based
on database programming languages. Typical examples of such systems are computer-aided
design (CAD) packages, office information systems (OIS) and computer-aided software
engineering (CASE) tools. These applications require databases that can manage very
complex data in an effective way [Atkinson et al., 1989; Morrison et al., 1993a]. Building a
GIS around DBPL technology is another new emerging application in the last few years.
Quite a lot of experimental work is under way, especially the development of object-
oriented geographical databases based on OODBPLs. For example, the French Institut
Géographique National (IGN) has developed a prototype GIS called GeO, which provides
a geographical DBMS that is based on a commercially available OODBMS O; from O,
Technology [David et al., 1993]. The CSIRO Division of Information Technology, Centre
for Spatial Information Systems in Australia has developed a prototype GIS with a object-
oriented geographical database which is built on another commercial OODBMS product,
ONTOS [Milne et al., 1993]. The Politecnico di Milano in Italy has also developed a
prototype object-oriented GIS based on the OODBMS OpenDB developed by the Hewlett-
Packard Company [Sacchi and Sbattella, 1994]. With regard to the development of a GIS
using a PPL, very little effort has been made till now because almost all PPLs are
themselves still in the stage of research and development and are not available
commercially. Despite this, an analysis of the characteristics of PPLs shows that they are
very promising in terms of the development of an IGIS.

The benefits of building persistent application systems using a PPL have been described
extensively in the literature [Atkinson, 1992a; Kirby, 1992]. The principal advantages

provided by persistent systems are:

o Persistent systems only require a single mapping from the data model of the real world

to the internal storage structure of a database.

12



Chapter 1: Introduction

e The same mechanisms operate on both short-term and long-term data, avoiding the
traditional need for separate systems to control access to data having different degrees

of longevity.

e Programs such as procedures and modules can be represented by first class values

which reside in the persistent store.

o Type checking protection mechanisms operate over the whole environment to ensure

type correctness in the systems.

These favourable characteristics of PPLs provide an ideal model for building applications in
an integrated data-intensive system, especially those dealing with large amounts of long-
lived data. Given the various advantages listed above, it was felt that the use of a PPL
should be advantageous for the design and development of an integrated GIS.

Abdallah [1990] was probably the first person who has attempted to design and build a
prototype GIS based on a persistent programming language. Abdallah experimented with
the persistent programming language PS-algol, which is a predecessor of Napier88, and
developed a purely vector-based GIS. His research work showed that a persistent
programming language has great potential for developing a GIS. The primary advantages of

using a PPL for GIS development can be summarised as follows: -

1. Data type completeness. Procedure is a first class type, so it is very easy to design a
modular system.

2. It allows the programmer to declare and use names in the same way anywhere in a
program. All aspects of the programs are all written in a consistent style.

3. The availability of ‘picture’ and ‘image’ (vector and raster) construction.

4. Data persistence.

Abdallah concentrated his research into the capability of vector processing in a GIS,
especially for its applications in cartographic production. The investigation of the potential
of the tandem processing of both vector and raster data in a GIS is an obvious consequence
of this original research by Abdallah and motivated this follow-up research with the

persistent programming language Napier§88.

Napier88 has been developed at the University of St. Andrews in the UK. The Napier88
system provides some novel features that normally cannot be seen or encountered in
traditional programming languages [Morrison et al. 1993b]. These features, which will be
described in more detail in Chapter 3, provide the capabilities to meet the basic requirement
for developing a FIGIS - the creation of an integrated software and database. Thus this new
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database technology provides researchers with a quite different tool to explore the design
and implementation of an IGIS. Since Napier88 has significantly enriched the persistent
environment provided by PS-algol [Morrison et al., 1993b], it should be able to provide a
still better environment for the incorporation of various types of geographical data into a

persistent store, which is deemed to be of the essence of constructing an IGIS.
1.4 Research Objectives

Having described the importance, problems and possibilities of developing a FIGIS, this
thesis identifies the main objectives of this research into such a possibility. The intention of
the research is to explore the feasibility of developing a FIGIS based on the persistent
programming language Napier88. The purpose of this research is to build a framework and
to provide the foundation for the development of a fully integrated GIS software package.
In this context, the main research objectives can be defined as follows: -

1. The integration of vector, raster and attribute data within a single database, and
the concurrent processing of all of them within a single workspace.

2. The implementation of different kinds of data models within a GIS.

3. The construction of an object-oriented geographical database.

The first two objectives are the key items in this research agenda, and, if they can be
satisfied, then they provide the basis for a FIGIS. If the third objective can be satisfied, then
it will also be possible to implement object-oriented data management which tends to be a
requirement in current GIS development. In more specific terms, the following tasks will be

carried out in the course of this research.

1. Carrying out the design of the system architecture for an IGIS.

= The system design includes design consideration, design criteria, functional design,
database design and overall system configuration.

2. Implementing multiple data modelling of geographical data in an IGIS.
= Each type of geographical data can be structured using an appropriate data model
for specific applications, and various different data models which represent multi-
scale map data and multi-resolution image data, can all be accommodated within

the same database environment.

3. Organising geographical data in a persistent store.

= A persistent store is used to comprehensively accommodate geographical

information in a single database environment, no matter what types of data are
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being stored, and all the data is constructed in the manner required for an object-

oriented organisation.

4. Superimposition and interrelation of vector maps and raster images.

= Vector maps and raster images are superimposed in a single display window, and
are geographically cross-referenced for the purpose of tandem processing.

5. Spatial indexing and querying of geographical information.
= A spatial indexing technique is chosen to index the point, line and polygon entities
of geographical features, and different query methods are designed to examine the
computational capabilities of Napier88.

6. Implementation of a prototype IGIS for the evaluation of system capabilities and

performance.
= Based on the design and framework of the above items, a prototype IGIS is
implemented for the studies of various functions, such as response time of queries,

database updates, system management and others.
1.5 Outline of the Thesis

The thesis is devised as follows; Chapter 2 presents an overview of current IGIS
development with a review of some existing well-known IGISs which are representative
systems based on conventional database technology. It also conducts a discussion on a
number of relevant research programmes which are being developed on the basis of
advanced database technology. Chapter 3 gives the basic concepts concerning persistent
programming languages and provides an introduction to Napier88, the tool used in the
present project to develop a prototype IGIS. The Napier88 system’s functions and their
suitability for IGIS development are also discussed. Chapter 4 describes the IGIS system
architecture devised for this project. It includes a detailed description of its software
modules and database design. Chapter 5 through to Chapter 7 deal with the methodology
employed in the key areas of the system, namely: Geographical Data Modelling and
Organisation, Vector and Raster Superimposition and Interrelation, and Spatial Indexing
and Queries. Next, Chapter 8 is concerned with the implementation of the prototype IGIS.
Large volumes of real geographical data are used to experiment with and demonstrate
capabilities and performance of the prototype IGIS. Finally, Chapter 9 summarises the

results of the research work and gives recommendations for future work.
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CHAPTER 2 : AN OVERVIEW OF IGIS DEVELOPMENT

2.1 Introduction

In the previous introductory chapter, the importance and some of the problems of
developing a fully integrated GIS (FIGIS) have been discussed. A short introduction
explaining the main trends in the current development of a FIGIS has also been given. In
this chapter, some further discussion of the different types of information system which are
related to IGISs will be conducted and this will be followed by a review of representative
IGIS systems which are currently available on the market. Finally a brief account of a
number of research programmes utilising database programming languages will also be
presented. Because the contents and structures of the database is the most important single
aspect of an IGIS, all the discussions and system overview will centre around the database
issue, including data models, data structures, system architecture, efc.

2.2 Digital Representation of Geographical Data

Digital representation of geographical data is concerned with modelling the real world and
structuring the modelled data. Numerous data models have been developed for representing
geographical data. These data models can be classified into the two basic types of vector
and raster representation [Aronoff, 1989; Laurini and Thompson, 1992]. The vector
representation perceives the real world as being made up of points, lines, polygons which
are defined by coordinate values, whereas the raster representation uses an ordered matrix

of uniform-sized cells.

In the vector representation, the raw geographical data of the real world can be acquired by

means of field survey including GPS; by analogue, analytical and digital photogrammetry;
and by digitising existing maps. This process is known as data collection or data acquisition.
The raw vector data is then transformed into clean vector files through data pre-processing
including error detection and editing, transformation into a specific map projection, edge
matching, topologic integrity checks, restructuring of data, efc. [Star and Estes, 1990;
Cromley, 1992]. Thereafter, the clean vector files may be organised and constructed in the
form of a graphical data base with appropriate data structures suited for specific
applications. The basic concept of the vector representation of geographical data is

illustrated in Fig. 2.1.

The raster representation has a data flow similar to that of the vector representation, but

quite different data acquisition devices and data manipulation are required due to the
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Chapter 2: An Overview of IGIS Development

disparate characteristics of vector and raster data. The raster data is obtained by means of
airborne or satellite remote sensing, or by scanning aerial photographs and scanning existing
maps. The data pre-processing involves the removal of distortions (geometric and/or
radiometric), ground control registration, image enhancement, image classification, and so
on [Star and Estes, 1990; Cromley, 1992]. The basic concept of the raster representation of
geographical data is shown in Fig. 2.2.

The following discussion describes the information systems dedicated to handle digital
geographical data in either a single (vector or raster) or a dual (vector and raster)

representation.
2.3 Digital Mapping and Vector GIS

Both digital mapping systems and vector GISs are vector-based systems used to capture,
store, manipulate and display geographical vector data. A digital mapping system is a
replacement for the traditional manual cartographic process and is primarily designed for
the production of topographic and thematic maps, whereas a vector GIS is a coordinate-
oriented system in which geographical data is spatially indexed and upon which a set of
procedures operate to answer queries about spatial entities in order to support problem-
solving or decision making [Cowen, 1988; Maguire, 1991]. However, each of them has

distinctly different characteristics and applications.

The development of digital mapping systems is usually based on CAD technology. Data in a

digital mapping system is organised by layers which are used to classify map features by
theme such as buildings, communications, land cover, and hydrography, or by essential
elements of cartography such as line weight, line style, colour, texture, and symbols. Map
production can be easily carried out by accessing the relevant layers required for the
production of a general or specific purpose map. Digital mapping systems are so flexible for
map production and so efficient for map editing that they have been playing a major role in
cartographic industry for more than two decades. However, digital mapping systems are not
suited for querying or analysing geographical data because the data structures employed in
these systems are often quite simple, e.g. a spaghetti structure may be used. Furthermore,
spatial relationships among geographical features, known as topology, are not explicitly
defined and stored in the dataset of the digital mapping system. Thus special processing is
required to construct these relationships before any geographical analysis can be performed.
Furthermore, a digital mapping system normally does not provide the capabilities of a
DBMS nor does it support a linkage to a DBMS for the storage of non-graphical data
[Cowen, 1988; Newell and Sancha, 1990; Korte, 1994]. As a result, digital mapping
systems are not capable of efficiently handling the analysis of geographical data.
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With regard to vector GISs, the emphasis is placed on the data storage aspects and the
system’s capabilities of analysing geographical data in vector format [Theriault, 1989]. In
order to allow interactive analytical operations, a more complex data structure such as a
topological structure is required for the efficient storage and manipulation of geographical
data. Hence, in a vector GIS, the geometries of geographical features as well as the
topology existing between them are stored in a graphical database. Apart from this, a vector
GIS also contains attribute data which provides further descriptive information about
graphical entities. Attribute information is normally held in a conventional DBMS such as a
hierarchical or relational DBMS. Both the graphical and non-graphical databases are cross-
linked by identification keys. In vector GISs, geographical information is partitioned into
features according to some coding schemes which normally have a hierarchical
classification. Each feature has a distinguishing code so that a user is able to search or
analyse specified graphical data and relate it to attribute data and vice versa. Both graphical
and associated attribute information can be analysed and displayed at the same time
[Aronoff, 1989; Newell and Sancha, 1990; Star and Estes, 1990]. This is a capability that a
digital mapping system normally cannot provide without additional customised

programming.

It should be noted that there are other vector-based geo-related information systems which
lie between digital mapping systems and vector GISs, namely, Automated Mapping /
Facility Management (AM/FM) and Land Information Systems (LIS). AM/FM systems

are specifically designed to manage the spatial data associated with utility systems such as

electricity, telephone, gas, water and sewage networks, whereas LISs are specifically
designed to deal with the parcel-based data associated with land ownership, land valuation
and land use. Usually, an AM/FM system is also based on CAD or GIS technology, but
because of the networks of pipes and cables which form the greatest part of the data, it
normally employs a network-like data structure to deal with graphical data, and a DBMS
for handling non-graphical data [Aronoff, 1989; Abdallah, 1990; Korte, 1994]. Regarding a
LIS, the basic concept is essentially similar to that of a vector GIS except that a LIS is more
oriented towards areas rather than the lines of the vector GIS or AM/FM systems, so it
often use a polygon-like data structure to organise graphical data.

2.4 Digital Image Processing and Raster GIS

Digital image processing is concerned with the various operations, including image
rectification, quantization, enhancement, filtering and others, that can be applied to digital
image data. A digital image processing system may be used in a variety of disciplines such
as medicine, criminology, engineering and so on. In respect of GIS applications, the digital
image processing is oriented or specialised towards a particular aspect - the processing and

analysis of geographical image data.
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Both image processing systems and raster GISs are raster-based systems used to store,
manipulate and display geographical data held in a raster format. However, within this
general area, image processing systems are designed mainly for the production of
orthophotos, image maps and thematic maps or the revision of digital maps from remote
sensing or scanned photographic data, whereas raster GISs are primarily designed for the
analysis and display of classified image data or scanned map data with the ability to link
with the attribute information stored in a DBMS. In doing so, image processing systems
place most emphasis on the manipulation of raw data produced by remotely sensed imaging
systems or by scanning aerial photographs, while raster GISs lay stress on the storage and
analysis of the processed data. Therefore, an image processing system often acts as the
front end processor of a raster GIS. However, this distinction becomes obscure since the
capabilities which are offered by either system may be extended by including some or all of
those implemented by the other system. In fact, this is one aspect of system integration and

is discussed further in the next section.

Despite their rather divergent development in their early age, the data structures employed
in both types of system are quite similar. The simplest form is that where the image data is
stored as a two-dimensional matrix of uniform (usually square) grid cells or pixels. Each
pixel is assigned a value which represents the attributes of that pixel such as its soil type,
land use, or slope. The quality and clarity of the raster image depends on the size of the grid
cell, known as its pixel size or image resolution. The smaller the pixel size, the more exact
the information, but the larger the storage space required. A number of techniques have
been developed in order to overcome this storage problem. Run-length encoding and the
quadtree data structure are the two most common forms currently being used in the

structuring and storage of image data [Gunston, 1993].

One excellent feature of raster image systems is that it is very easy to perform Boolean
operations on raster images and raster data structures. For example, overlaying two raster
images is simply a matter of adding or subtracting the values assigned to each individual
pixel. Apart from this, the data capture of raster data is often much easier than that of
vector data [Aronoff, 1989; Star and Estes, 1990]. Nevertheless, the development of raster
image systems has been hindered by the problems of storing and handling vast quantities of
image data and the high demand on computational power. For example, each SPOT
panchromatic scene of 6,000 x 6,000 pixels contains about 36 Mbytes of data; an aerial
photograph of 23 cm x 23 cm format scanned with a 20 pm pixel size generates more than
100 Mbytes of data, and a rasterized map of 1m x 1m contains about 400 Mbytes of data if
scanned using a 0.05 mm pixel size. Due to the problems associated with these large data
sets, the development of raster image systems has been much slower than that of vector
graphic systems. As a result, till now, raster GISs have not so been popular as vector GISs.
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Nowadays, the rapid advances in computing power are beginning to be able to solve the
above-mentioned problems. High performance graphical workstations along with Gigabytes
of storage capacity have become quite commonplace. During the last few years, digital
photogrammetric workstations have probably been the most noteworthy development in
digital image processing. A digital photogrammetric workstation (DPW) is an analytical
plotter which uses computer technology to exploit digital imagery rather than the
mechanical stages, servomotors, and optics used to exploit hardcopy film imagery in the
classic analytical plotter [Kaiser, 1991]. A review of commercially available digital
photogrammetric systems is well described by Matambanadzo [1992]. Digital
photogrammetric workstations can be classified into two categories - the monoscopic (2D)
DPW and the stereoscopic (3D) DPW - depending on whether single or overlapping images
are being utilised.

The monoscopic DPW is mainly designed for the purpose of map revision, updating digital

cartographic information from scanned imagery, whereas the stereoscopic DPW is generally
designed for multi-purposed applications including the measurements of the stereo images
used for producing or updating maps and the production of digital elevation models
(DEM’s) or ortho-images. The implementation of a monoscopic DPW often employs the
digital monoplotting approach because it corrects both the relief and tilt displacements and
gives a better accuracy in the final result. Apart from the development of stand-alone
monoscopic DPWs, the digital monoplotting system has also being integrated into many
GISs and provides basic capabilities for the registration of vector maps and raster images,

and for screen-based digitising [Petrie, 1994].

On the other hand, at present, stereoscopic DPWs such as those developed by Intergraph,

Leica-Helava and Zeiss have proven to be very efficient both for the automated production
of orthophoto and digital terrain model data and for the manual stereo-plotting of vector
data. Also, the image processing suppliers are beginning to produce such products, e.g.
ERDAS’s OrthoMax package. The whole production process is so highly automated that a
digital photogrammetric workstation can be utilised as a front end processor for a raster
GIS [Dowman, 1991]. Another important characteristic of the stereoscopic DPW is that it
is equipped with a stereoscopic display device allowing users to visualise, interpret and
measure digital imagery in 3D [Cogan et al., 1991; Kaiser, 1991]. This is a very useful
feature for the measurement of the geographical features required in 3D GIS applications.
Obviously, the development of digital photogrammetric workstations will make a significant
impact on the role of raster GISs. Especially in the context of remotely sensed imagery,
these raster-based image systems will certainly become more important than ever before.
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2.5 Convergence to IGIS

From the above description, it can be seen that the systems designed to handle or deal with
geographical data are divergently developed because the two representations of the real
world are fundamentally very different in their nature and in the approaches that can be
taken when manipulating geographical data. As a result, the use of either a vector or a
raster GIS has been limited to a very specific processing environment by its capabilities. The
trade-offs between the different vector and raster systems chosen for GIS applications have
been comprehensively discussed in the literature [Burrough, 1986; Wallace and Clark,
1988; Aronoff, 1989; Star and Estes, 1990; Davis and Simonett, 1991; Peuquet, 1991;
Gunston, 1993]. The characteristics and the respective advantages and disadvantages of a
vector GIS and a raster GIS are summarised in Table 2.1.

Characteristics/Functions Vector GIS Raster GIS
Data Capture Slow Fast
Data Volumes Small Large
Geometric Accuracy High Low
Data Structure Complex Simple
Distance and Area Measurement Good Poor
Buffer Zone Analysis Poor Good
Network Analysis Good Poor
Overlay Analysis Poor Good
Data Display Slow Fast
Data Aggregation / Segregation Complex Simple
Data Generalisation Complex Simple
Data Semantics Good Poor

Table 2.1 Advantages and disadvantages of a vector GIS versus a raster GIS

It should be noted that these comparisons are based on the intrinsic characteristics of the
two basic representations and may not apply to certain specific systems which have utilised
a dedicated hardware (such as a graphic accelerator) or special software (e.g. a spatial

indexing scheme) that may result in one data format outperforming the other.

The decision as to whether to use a vector or a raster GIS is largely dependent on the
application requirements and the available data sources. For example, if the data has been
collected primarily by means of analytical photogrammetry and the main application is path

queries concerning emergency vehicle routing which demands network analysis [Laurini and
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Thompson, 1992], then a vector GIS will naturally be the better choice. In contrast to this,
if remotely sensed imagery is used for the monitoring of hazardous waste sites for
environmental conservation planning - a task which needs buffer zone and overlay analysis,
then it is advantageous to use a raster GIS. However, most GIS applications often require a
number of thematic layers for a sensible analysis. In fact, a GIS project usually involves the
use of both vector and raster data types in the same area. For instance, following the above
examples, satellite imagery covering a disaster area caused by widespread flooding may be
acquired quickly to help define the area affected and to facilitate the task of urgently routing
rescue vehicles or vessels. Similarly, the locations of waste sites and their ambient
geographical features could be directly extracted from existing digital topographical maps
rather than be identified and digitised via satellite imagery. However, in each case, it would
be necessary to perform a series of data format conversions in order to import data from

these different sources into a uni-format system.

As matter of fact, data format conversion can be seen as the most primitive way of data
implementing integration although the singular nature of the data model tends to limit the
applications to which a particular uni-format system may be put [Piwowar and LeDrew,

1990]. Data format conversion may involve either of the following two operations: -

I. When the foreign data and the system data are in different forms.
One data file is in vector format, the other is in raster format. The conversion process
deals with changing the data from vector to raster form (rasterization) or raster to

vector form (vectorization) [Peuquet, 1981a, 1981b].

II. When the foreign data and the system data are in the same generic form.
Both data files are in either in vector or in raster formats. The conversion process is
primarily concerned with translating the data structure of foreign data to that of

system data.

Almost all GISs provide import/export modules to convert some of the well-known
exchange formats such as DXF, SIF, IGES, DLG, DIME, TIGER, etc. commonly used for
vector data, and TIFF, GIF, PCX, ERDAS, GRASS, PCI, Landsat TM, SPOT, etc. used
for raster data. However, these industrial de facto standards are not able to completely and
accurately convey geographical information between two systems. For example, DXF, SIF
and IGES all lack the capability of explicitly transferring topologic information, whereas
DLG, DIME and TIGER allow the user to do so but are not able to carry object semantics.
Furthermore, none of these formats is able to deliver the inherent data structures employed
within the systems. Hence, a substantial effort is now being made in many countries to
overcome these difficulties through the development of national standards. Recently, some
digital data interchange standards such as SDTS (Spatial Data Transfer Standard) [Fegeas
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et al., 1992], NTF (National Transfer Format) [BSI, 1992], and others [Williams, 1993]
have been developed. Nevertheless, there is no clear indication that any one of these
national standards will be widely accepted in the international community in the short term.
There are also two standardisation efforts in progress. First of all, the CEN TC (Technical
Committee) 287 is producing a European standard for the exchange of geographic
information, which is aimed at the transfer of both vector and raster data, rather than the
purely vector GIS or mapping data covered by existing standards. Initial parts of this
composite standard should be published within the next year. Secondly, ISO has just begun
to consider standardisation procedures in the same field. The standardisation of
geographical interchange format involves various issues, including feature definition and
classification, feature data encoding (both vector and raster formats), relationships between
features, geographic referencing, data quality, symbology, efc. [Evangelatos, 1991]. A great
effort will have to be made to achieve a broad consensus on these issues. Thus it seems
unlikely that a truly universal standard that allows all kinds of geographical information to
be precisely transferred and flexibly shared will become available in the near future.
Therefore, integrating data from different sources into a uni-format GIS can be tedious and
error-prone due to the problems of data conversion. Particularly the Type I (i.e., vector-to-
raster and raster-to-vector) data conversion tends to cause some generalisation and loss of
accuracy, while the demands of the vector-to-raster conversion normally requires

specialised hardware ranging from add-in boards to special parallel processor boxes.

An alternative approach to data integration is to accommodate both vector and raster data
within a system. The concept of this dual-format approach is the coexistence of both data
formats in the same working environment and the ability to operate functions such as those
listed in Table 2.1 with their appropriate data formats. This dual-format approach removes
the need for the Type I data conversion required in the uni-format approach. A significant
benefit arising from the adoption of this approach is that it minimises any loss of data
quality since the data would be left in their native form and in the manner best suited to
their intended use [Piwowar and LeDrew, 1990]. There are three methods of integration
(composite, extended, complete) which could be used in the dual-format approach, and
different degrees of integration could be achieved at the different levels (i.e. at the display,
process, storage levels) which have been described in Sections 1.2.2 and 1.2.1 respectively.
In fact, there is an emerging trend in recent developments which points to the fact that
digital mapping systems, vector GISs, image processing systems and raster GISs are
starting to converge into IGISs. With the advances in computing power accompanied by the
evolving of standards for operating systems, network protocols, graphical interfaces,
programming languages and database management systems, the boundaries between digital
mapping systems and vector GISs are gradually becoming fuzzy. A digital mapping system
tends to provide some of the analytical capabilities of a vector GIS. On the other hand, a
vector GIS is inclined to encompass some of the cartographic functions of a digital mapping
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Chapter 2: An Overview of IGIS Development

The reasons for choosing them as the representative systems are as follows: -

¢ Both the Intergraph and ESRI companies were founded in the 1960s and have the two
largest shares of the GIS market [Korte, 1994]. Furthermore both the Intergraph MGE
and the ESRI ARC/INFO systems employ conventional database technology. However,
the Intergraph MGE system adopts the complete method but is built on a CAD system,
whereas the ESRI ARC/INFO system utilises the extended method to add raster
capabilities.

e Both the Genasys and Tydac companies were founded in the 1980s and have become
well-known GIS vendors over the last decade. The Genasys Genamap and Tydac
SPANS systems both use the complete method as well as the conventional database
technology. Nevertheless, their database approaches to the achievement of the required

integration are quite different.

e Both the Smallworld GIS and the Laser-Scan IGIS use the complete method and have
implemented their solutions using the object-oriented technique. Furthermore, both
Smallworld Systems and Laser-Scan have developed their own object-oriented
application development environment and toolkits, namely Magik and Gothic
respectively, to achieve a very high degree of the integration of geographical
information contained in their GISs.

It should be noted that it is not always easy to give a detailed account of the underlying
database architecture for a specific system because most commercial GISs are closed
systems. So detailed information on their database architecture and data structures is
difficult to obtain. Therefore the following review is based on the material published in the
literature, including software overview, conference and journal papers, and technical

reports.
2.6.1 Intergraph MGE

Intergraph is recognised as a major player in digital mapping and GIS technology. Before
the release of the Modular GIS Environment (MGE) product in 1989, Intergraph’s IGDS
(Interactive Graphics Design Software) and DMRS (Data Management and Retrieval
System) have been widely used for digital mapping, AM/FM, and LIS for more than 20
years. IGDS is an interactive graphics system which handles graphical data stored in
Intergraph proprietary design file format (DGN) that essentially has a spaghetti data
structure, whereas DMRS is a hierarchical DBMS which deals with attribute data. IGDS
and DMRS work together to provide an interactive graphical-oriented management
information system capable of supporting a large number of map-related applications
[Abdallah, 1990; Korte, 1994]
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Chapter 2: An Overview of IGIS Development

The graphical data in MicroStation is stored in DGN format which is the same as that used
in IGDS. Moreover, MGE also uses the DGN format for its general graphics operations
unless the data has to be restructured for specific geographical applications. For example, in
order to perform geographical analysis, the graphical data is restructured into a topological
file structure using the MGE Analyst module. This arrangement has an advantage of
keeping most graphical files compatible across various packages and different platforms

while tuning them to meet specific requirements by using specialised modules.

The foundation of MGE products is MGE/SX for Unix systems or MGE/PC-1 for PCs. The
former runs both an Intergraph’s own proprietary Clipper-based workstations and on Sun’s
SparcStations, while the latter runs either on an Intergraph’s own brand of PC or on a non-
proprietary PC. In each case, this is the core environment for setting up, controlling, and
manipulating data, and serves as a central integrating core for all of the GIS/Mapping
application modules. Each specialised GIS/Mapping application is designed as a module
which can be slotted into the overall MGE system to meet specific user needs. The MGE
system overview is illustrated in Fig. 2.5 [Intergraph, 1990].

The functions of the major GIS/Mapping application modules used in the MGE system can

be summarised as follows [Intergraph, 1990]: -

*  Analyst (MGA): Executes the creation, query, analysis, and display of topologically
structured geographical data.

* Network Analyst (MGNA): Generates and manages network data for route planning
and analysis.

* Grid Analyst (MGGA): Performs overlay, cost surface/optimal path, and statistical
analyses, vector/raster conversions, and zone proximity generation of grid data.

*  Imager (MSI): Carries out digital enhancement and multispectral analysis of remotely
sensed raster image data integrated with a vector data set.

* Terrain Modeller (MSM): Creates triangle and grid files for use in slope, aspect,
elevation, and intervisibility analyses.

* Map Finisher (MGFN): Feature-based map composition and symbolisation for screen
displays and colour plots.

* Map Publisher (MAPPUB): Converts MicroStation graphics files into screened,
composited raster files for display and the plotting of the colour-separated film
transparencies required for plate making prior to offset litho printing.

* ETI : Transfers field survey the data from data collectors used with total stations and
converts the data into an MGE compatible format.

*  Stereoplotter I/F Mechanical (SPI/M): Allows the digitisation of data from a
mechanical analogue stereoplotter.

* Network File Manager (NFM): Organises and manages information transparently
without knowing network location, operating system, or network protocol.
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Chapter 2: An Overview of IGIS Development

using its automatic vectorization (I/VEC MS) and symbol/character recognition (I/SCR
MS) tools. For very high resolution scanning of aerial photographs, Intergraph, in
collaboration with Zeiss, offer the PS-1 which produces raster image data for input to the

company’s Image Station and its Imager modules.

The emergence of the MGE system has shown the trend of the integration of digital
mapping and vector GIS in IGIS development as described in the Section 2.5. The overall
approach of the Intergraph MGE system is therefore based on the graphical capabilities of
MicroStation CAD software; and sets out to provide a set of integrated tools capable of
integrating the diverse representations of geographical information in a common
environment. In particular, it supports the multiple data modelling of graphical data by way
of restructuring data when needed in specific applications. The MGE system integrates the
vector data used by MicroStation and other application modules as well as the raster data
used by the Imager module which provides image processing capabilities. Hence, the degree

of integration has reached the display and the process levels.

2.6.2 ESRI ARC/INFO

The ARC/INFO system is a very well-known GIS package produced by the Environmental
System Research Institute (ESRI). The system runs on a very wide range of platforms from
mainframes through mini-computers to graphic workstations and PCs. Thus it has been
ported to run on a great variety of operating systems. The ARC/INFO system is based on
the tool kit approach which means that it utilises application oriented tools operating on
objects. In ARC/INFO, the objects are the geographically locational and non-locational
data, while the operators are geo-processing commands employed for the editing, analysis
and display of these objects [Morehouse, 1989]. Initially, ARC/INFO was developed as a
vector-based GIS and consisted of two main software components: ARC, which was used
to manage vector geographical data, and INFO, used for managing the attributes of the
geographical features. The ARC component stores graphical data in a topological structure,
while the INFO component stores attribute data in relational tables. These two components
are linked together by feature identifiers and are also linked individually to the software
tools used for various applications. Since then, the system has undergone considerable
development. The later software releases also support a Relational Data Base Interface
(RDBI) to provide an external link to a second commercial RDBMS such as Oracle, Ingres,
Informix and Sybase directly with the ARC part of the system [ESRI, 1992]. The
ARC/INFO system architecture is illustrated in Fig 2.6.

The ARC/INFO family of products is built upon a modular software system. The core of
the system provides the essential features for basic GIS operations including map capture
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processing into a form of IGIS. Using the “Live Link” software, the user can process,
overlay or display raster images with vector maps. For example, a land use layer in the
ARC/INFO system can be graphically overlaid on a remotely sensed geocoded image in the
Erdas system for correcting and updating land use data.

The ARC/INFO system was developed as a generic GIS that could be applied to any geo-
processing task. The general capabilities of the ARC/INFO system are summarised as
follows [Korte, 1994]: -

* Database generation and management.

* Database query.

*  Graphic display and report generation.

*  Map overlay analysis.

*  Network analysis.

*  Map sheet manipulation.

*  RDBMS integration (DATABASE INTEGRATOR).

* Network database management (Arc Storage Manager).

*  Image integration (IMAGE INTEGRATOR).

*  Digital terrain modelling (TIN).

*  Raster-to-vector conversion and raster editing (ArcScan)

* The entry of survey data directly into the graphics database(COGO).

*  Creation of topological databases from AutoCAD (ArcCAD).

*  Visualise databases with a uniform user interface (ArcView).

In summary, the ARC/INFO system is centred on a topological vector model for handling
graphical data and a relational model for managing attribute data. The strength of the
system is generally held to be in its rich variety of analysis tools. The system has recently
been extended to support the integration of raster images, and has been combined with
AutoCAD via the ArcCAD to take advantage of the power provided by CAD technology.

It can be seen from Fig 2.6 that the ARC/INFO system uses two relational DBMSs - an
internal (INFO) and an external (Oracle or Ingres, or other) - for the storage of attribute
data. As a result, the duplication of some information in the databases can hardly be
avoided. Hence, based on the intrinsic characteristics of the system architecture, it is hard to
achieve a high level or degree of data integration. In ARC/INFO, the raster images are
mainly used as a backdrop for editing and updating vector maps. The system itself does not
support image processing capabilities. Therefore, the ARC/INFO system can only reach the
display level of integration. In order to support concurrent processing of vector and raster
data, the ARC/INFO system provides an interface module ‘Live-Link’ which links to the
ERDAS image processing system to achieve the process level of integration using the
composite method (see Section 1.2.2).
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2.6.3 Genasys Genamap

Genamap (formerly Deltamap) was the first commercially available GIS to be offered under
the Unix operating system. Genamap is the core product of the Genasys GIS family.
Genamap was designed specifically to operate in the Unix environment and operates across
a diversity of platforms, including Sun, IBM RS6000, HP, Bull, Data General, Silicon
Graphics and PCs under SCO UNIX. Wherever possible, Genasys uses recognised and de
facto industry standards for software development. For example, it utilises the X Window
system based on OSF/Motif for graphics display; TCP/IP and NFS for communications;
Relational DBMS and SQL for database management. This has allowed the developers to
work with a single copy of the source code for all platforms and the users to choose any
Unix-based hardware on which to run the system. In fact, this is one of the key factors
resulting in Genamap having soon become a popular GIS product ever since Genasys
introduced it in 1986 [Genasys II, 1991; 1994].

Genamap has implemented the concept of spatial views to facilitate spatial queries. A spatial
view is physically implemented as a set of optimised index structures to the main database
and, as such, is a reference to the query and not the data. A spatial view, which is analogous
to a view in an DBMS can be a spatial query using a Select operation on the databases or
can be the result of other spatial or non-spatial data analysis. The view can be zoomed to,
interrogated, queried, reported, tabled, plotted, used for graphical editing and used for any
subsequent analytical operation. Since the views are implemented as direct indexes into the
map data, this eliminates data duplication and irrelevant intermediate operations when
carrying out geographical analysis [Genasys II, 1994]. The mechanism of spatial views
provides fast access to databases and consumes little overhead, as well as maintaining the

integrity of the databases.

Genamap is the core product of the Genasys GIS family. Basically Genamap is a vector GIS
based on a topological data structure. Internally, it provides a spatial (vector/attribute)
database and it can also link to external SQL-based RDBMSs, including Oracle, Ingres,
Informix, Sybase and others. The spatial database, which is continuous without breaking
into map tiles, and can grow or shrink dynamically as storage requirements change. Because
of the implementation of spatial views and the efficient use of the Unix file system,
Genamap can efficiently handle large databases.

Raster functionality is implemented by another complementary product called Genacell.
Genacell uses exactly the same interfaces and command structures as Genamap and can be
accessed from within Genamap with no need to move between modules. This feature allows
the user to seamlessly combine and analyse both vector and raster data at the same time.

Genacell provides a full set of functions for the storage, retrieval, analysis, modelling, and
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* A seamless topological database, no space pre-allocation or tiling is required.

* The use of spatial views to query both graphical and attribute data for geographical
analysis.
*  Supports context (session) control: Allows the user to store the working environment

such as current data sets, search criteria, spatial views, efc. at any time and resume from
any stored environment.

* Hardware and device independence.

* Based on Open Systems concepts and adherence to de facto industrial standards..

The overall approach of Genasys GIS is based on the use of a topologically structured
database for managing vector data, and of a cellular structured database for storing raster
data. Attribute data can either internally be tightly coupled to the spatial features in the
vector database or be externally linked to commercially available relational databases. The
system provides full database support allowing for both vector and attribute data to be
integrated into a single database. This novel feature allows users to make fully use of vector
and attribute data in an efficient and fast-access form. In other words, the system has
reached the storage level of integration for vector and attribute data. As far as the
integration of vector and raster data is concerned, the display and process level of
integration can be easily be achieved because both data formats have been included in the
initial system design and use the same user interface. However, both types of data are kept
in different databases and therefore do not integrate as a single unit at the storage level of

integration.
2.6.4 Tydac SPANS

The SPatial ANalysis System (SPANS) is a modular raster-based GIS produced by Intera
Tydac Technologies. SPANS runs on microcomputer and graphic workstations under the
DOS, OS/2 and Unix operating systems. The graphical user interfaces implemented in
different operating systems do not use the same de facto industrial standard. For example,
the OS/2 version uses Presentation Manager, whereas the Unix version uses OSF/Motif
[Tydac, 1989; 1991]. In its promotional literature, Tydac places an emphasis on SPANS’s
capabilities for data integration, analysis and modelling. Essentially, SPANS was designed
to address four major tasks [Tydac, 1990]: -

Building and integrating spatial data sets.
Exploring the relationship between spatial data sets.
Querying and identifying suitable locations.

b A

Accessing the impacts of decisions through predictive modelling.
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The core module of the SPANS GIS system is GIS Builder which is a complete set of basic

GIS tools for building databases, constructing analytical models and implementing the

visualisation and querying of data. Additional application modules for analytical functions

are set on the top of GIS Builder. The major features of the SPANS GIS may be

summarised as: -

* It employs quadtrees to organise and index spatial and attribute data.

* ]t provides the arc-node method for data acquisition and stores it in a fully topological
vector format.

*  Network and Overlay analysis tools are provided.

*  Neighbourhood analysis, e.g. data smoothing, edge enhancement, texture analysis, efc.
can be carried out.

* The topological relationships between areas (adjacency, containment and boundary
length) may be analysed.

* It provides a variety of modelling and analysis procedures such interaction, multi-
criteria, etc.

* DTM contouring and visualisation can be carried out using the TIN method, i.e. it
generates a perspective 3D view model from surface data.

Apart from these GIS analytical functions, Intera Tydac also developed two extended
modules - SPANS MAP and SPANS IMAGE - for the applications of digital mapping and
image processing respectively. Recently a separate software package called SPANS
Explorer has been developed to deal with the integration of vector and raster data under
Microsoft Windows 3.1. SPANS Explorer can transform all the major geographical data
types created by other software products, including those produced by ARC/INFO,
EASI/PACE, ERDAS, Maplnfo, AltaGIS, ArcView2, Lotus 1-2-3 and DBASE III+/1V
into the SPANS quadtree-structured format. The Explorer package can be used to view,
query, update and manage geographical data as well as performing some general analyses,
such as proximity analysis and multiple map overlaying [Tydac, 1994]. This development
again helps to confirm that the integration of GIS, digital mapping and image processing
systems into an IGIS is an emerging trend.

It is worth mentioning that Tydac Technologies has recently been purchased by PCI
Enterprises which produces the well-known image processing software EASI/PACE. As a
result, PCI are committed to an integration of the EASI/PACE and SPANS packages.
Already the exchange of data between EASI/PACE and SPANS has been made increasingly
efficient and compatible. Data derived from remotely-sensed images via EASI/PACE can be
exported to SPANS for further spatial analysis. On the other hand, SPANS format files
(both vector and raster data) can be imported into EASI/PACE and transformed into the
PCIDSK format files. The PCIDSK format was modified from the UNIDSK format which
was originally developed by the Canadian Centre for Remote Sensing (CCRS). In this
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format, all image data and all statistical data (termed “segments”, e.g. signatures, training
areas, look-up tables, etc.) are contained in a single file rather than each segment being
stored in a separate file. Thus it is easy to keep track of information relevant to an image
and this arrangement also simplifies the operations of data copying, backup and deletion
required for data management [PCI, 1993]. It can be seen that, using the PCIDSK format,
EASI/PACE has achieved a certain degree of integration for raster data at storage level.
Furthermore, EASI/PACE has the ability to create links to non-PCIDSK image files using
the LINK program. This creates a PCIDSK file header describing the database structural
information and provides pointers to the disk for the raster image being used in other
software packages. The advantage is that the raster data stays in one format and is not
duplicated in another. This feature allows EASI/PACE to “live link” with the SPANS raster
data. However, the “live link” is not a two-way connection, neither does it provide a
linkage between vector and raster data.

The overall approach of Tydac SPANS is that the spatial and attribute data acquired from a
variety of sources can be integrated into quadtree files. As discussed above, a wide range of
import and export routines for vector and raster data are used to perform the data
conversion. The quadtree database approach is able to give a full degree of integration.
However, the data conversion from vector or raster to quadtree format will normally lead
to some generalisation and loss of accuracy. Although SPANS also provides the capabilities
of storing uncompressed forms of data in either vector or raster format, this device has
however resulted in the disadvantages of having to manage disparate databases. Therefore,
it may be said that the SPANS GIS system achieves a full degree of integration at the
expense of data accuracy and the details which can be shown on the display. However,
SPANS cannot be regarded as a FIGIS because it converts all of its data to the quadtree

format instead of actually integrating the vector, raster and attribute data.

2.6.5 Smallword GIS

The Smallworld GIS was launched originally in 1990 and since then has become one of the
leading GIS software packages. At the present time, it dominates a significant part of the
European utility market including electricity, water, gas and cable companies. In Scotland,
it is also being used in land and property information systems. The most distinctive feature
of the Smallworld GIS is that the system is based on an object-oriented data model which
allows real world semantics to be embodied in the user defined objects at a very high level
of abstraction of phenomena, and to be operated in the object-oriented paradigm [Green,
1992; Smallworld, 1992]. The Smallworld GIS also adopts an open systems architecture
which adheres to the system standards accepted by the computer industry. Hence, the
Smallworld GIS can run on a variety of platforms under the Unix or VMS operating

systems as well as accessing data held in different databases (internal and external) using a

40



! = )C PO %
/:; =
%
)<=k
4 I
=)C
#
!
! 6 % 9 7 6%
% ! J A ! !
I I I I
% %
I I % I
I I
I ! L
% # 6 7
!
| # o Y #
I I I I
[ !
! ! P
% $1
| ! ! 9 7
) !
% ! ! !

1]
A

# # %
6 )**=>)**GQ66

9 7
J
# 6 6
4 |
% $1
% $1
I 1 | |
!
I %
!
71 #
6 |
|
7 1! 1 5
!
z #
6 ! 6
t# 1 !
1 )**C> 0 %
9 %786
#
# l 6
P' 1 )*87Q

6 )**=Q

% 1$1 #

%
[ I J
J A !
%A # !
!
% $1
!
5 ! 17
!
7 ! J
7
| [ I
!
#
5
I |
I # ol I %
6 !
J A !



I # ! ! ! Il Y # 1 26 % ! I '6 %
5 1 # I I | I I 0
# Y ! Z6 5 !
! 9 7 % =
PO % )%=)
' !
99" <" (*
(('H
9 7 2 9 7
II19 1
n ! 1] 1
9 7 2 9 I
$ *; (A (* /
nkno ) &J < =
"I'5 L 29
=) % 9 7
1! =))6 9 17 %
% ! ! 9 7 I J
| I I | 6 $1
6 % | I 6 I |
I ! I
% A !
! J A I I
I 5 L# 6 ! #
!
J % $1 ! % < A
F # ! # 6 !
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* It defines each geographical feature as a manageable object which is comprised of

topologically structured geometry with semantic classifiers.

* It supports the creation of user data models as objects and allows these objects to have

methods contained within them.
*  Analysis functions include network analysis, proximity analysis, buffer zone generation,

polygon overlay, efc.

*  Single query environment for a range of existing databases.

*  Seamless mapbase with spatial indexing mechanisms.

* [t provides version management to handle updates.

* It uses a single programming language for system, application and customisation
development.

* The object-oriented environment provides a comprehensive library of object classes and

methods.
* The object-oriented data model allows the system to be configured to meet the needs of

customisation.

The prominent feature of the Smallworld GIS is that there are two foundations on which to
build an open architecture: (i) a virtual database and (ii) an interactive object-oriented

programming language. The virtual database controls the protocols and communications

which connect objects to their physical representation on the disk. As a result, the
Smallworld GIS is able to access many disparate databases which may be physically

distributed over data servers on a heterogeneous network. The interactive object-oriented
programming language provides a seamless environment for both system development and

user customisation.

Although various data are physically stored in different databases, the Smallworld GIS has
achieved a high degree of integration, i.e., it can truly or virtually reach the storage level
depending on whether either the internal object store or external databases are being used.
However, in order to link to external databases, the software developers have to keep the
mapping between programs and various databases consistent. In principle, the construction
and maintenance of the software must be quite expensive. On the other hand, Smallworld
Magik is a weakly typed language. Inevitably, there is a loss in performance and the
absence of the compile-time checking available in strongly typed systems. Nevertheless,
Smallworld believes that this loss is a price worth paying for the considerable additional
flexibility gained by run-time message evaluation in a polymorphic system [Newell, 1992].

The Smallworld GIS system places an emphasis on vector data processing and management
incorporated with the capability of on-screen digitising or selective vectorization from a
raster image backdrop. Although the system currently does not provide image processing
facilities, they may be easily integrated into the system. It can be seen that the system has
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achieved a full degree of the display and the process levels of integration as well as a certain

degree of the storage level of integration.
2.6.6 Laser-Scan IGIS

Laser-Scan, founded in 1969, started with the development of digital mapping systems, but
only later became active in producing geographical information systems. Laser-Scan’s
products such as LITES, VTRAK, LAMPS have been used in a wide range of mapping
applications [Laser-Scan, 1989; 1990; 1991]. Among them, the VTRAK system is
recognised as one of the leading software packages specialised in data acquisition. It
followed on from the earlier very successful Fastrak and Lasertrak semi-automatic line-
following hardware and software system. However VTRAK is designed for interactive and
automated vector data capture from scanned raster images, particularly from existing maps.
The VTRAK system has been widely used in many national mapping agencies around the
world for creating a digital map database [Laser-Scan, 1992]. Laser-Scan also developed
the Horizon and Metropolis GIS systems based on the use of the VAX/VMS platform. This
took a fairly conventional approach with the use of a Laser-Scan developed vector database
and display capability allied to a commercially produced relational database such as Oracle
or Ingres used for attribute data. In recent years, Laser-Scan has been involved in
developing a prototype IGIS for British National Space Centre (BNSC) and this has
resulted in the release of a new product - the IGIS [Hartnall, 1993c].

The Laser-Scan IGIS system has been developed to provide an integrated environment for
handling spatial and non-spatial data, advanced data structures for handling geographical
information and a range of functions allowing data analysis [Hartnall, 1993a]. The IGIS
system is designed to run on a number of Unix-based workstations, including DECstation,
DEC Alpha, Sun SparcStation, IBM RS6000 and others.

The Laser-Scan IGIS system architecture is illustrated in Fig 2.12 [Hartnall, 1993b]. The
system has been built using the application components provided by the Gothic
environment. Gothic is an Open Systems Application Development Environment (ADE)
designed for building information systems that use and process geographical data. The
Gothic ADE is based on object-oriented database management and programming
techniques, and has five layers in its architecture. The functions of each of these five layers
are summarised as follows [Laser-Scan, 1993a; 1994]: -

1. The Operating System supports the hardware and its associated systems.

2. The Operating System Interface holds all operating system dependent functions in
service modules to achieve multi-platform interoperability.
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Chapter 2: An Overview of IGIS Development

The major features of the IGIS system can be summarised as follows [Hartnall, 1993b;

1993c; Laser-Scan, 1993b; Laser-Scan, 1994]: -

* The integration of vector and raster map data, terrain data, satellite and other digital
imagery and geo-referenced statistical and attribute data.

* A versioned object database with an integral roll-back recovery mechanism.

*  Translation facilities for a wide variety of raster and vector formats, resolving data from
various sources and map projections.

* Image classification, filtering and band combination facilities, as provided in image
processing systems used with remotely sensed data.

* Image/Map analysis and manipulation capabilities.

*  Continuous mapping and cartographic quality output facilities.

*  Analysis functions include raster combinations, DTM processing, slope and aspect map
generation, intervisibility map generation, hill shading, etc.

*  All the applications of the IGIS system adopt the same Man Machine Interface (MMI)
based on OSF/Motif and the X-window system which provides a Graphical User
Interface (GUI).

The Laser-Scan IGIS system fully integrates vector and raster data in an object-oriented
database. Within Gothic ADE, both vector and raster data are interwoven for concurrent
processing and analysis. It is clear that the Laser-Scan IGIS system has achieved a full
degree of the display, the process and the storage levels of integration. The system design
emphasises the integration of remotely sensed data into the GIS analysis process. Therefore,
IGIS provides extensive image processing capabilities in addition to its vector and raster
GIS functions. This development again demonstrates the convergence of vector GIS and

image processing systems.

2.7 Summary of the Review

The previous section (2.6) of this chapter has reviewed the current situation in the
development of commercial IGIS software, taking six well-known GIS vendors’ products
as representative examples to illustrate the different approaches which have been taken to
implement the integration of vector, raster and attribute data. The various approaches to
data modelling, database design, system architecture and integration have been the major
concerns of this review. Other features which are closely related to the database
management issue have also been discussed briefly. In fact, the manner in which many of
these features have been implemented is often regarded as a major factor in the success (or
otherwise) of a system. Common features to all or most of these systems are summarised as

follows: -
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e Vector data is topologically structured, raster data is cellular structured, and attribute

data is organised in relational tables.

e For those systems that use the conventional database technology, vector data and raster

data are stored in disparate databases (or files), while the associated attribute data is
stored either along with vector data (e.g. as in Genamap and SPANS) or in commercial
RDBMS:s (e.g. as is done in MGE, ARC/INFO and Genamap).

e For those systems that employ the object-oriented approach, comprising an object-

oriented programming language together with application development tools (e.g.
Smallworld Magik, Laser-Scan Gothic), an integrated environment is developed to
provide for the handling of both spatial and non-spatial data. A proprietary object
database supported by the object-oriented language is used to store the modelled real
world objects, for which the vector geometry, raster image geometry, attribute
description and methods that can apply to them are regarded as properties. An interface
to existing RDBMSs can also be considered as an important function or provision in

such systems.

e System design based on an Open Systems architecture and adherence to recognised or
de facto industrial standards are being widely adopted in the most recent system

development.

It is apparent that those systems which are based on conventional database technology
cannot provide a full degree of integration. A conventional data model, especially the
commonly used relational model, is really too simple for the modelling of complex
geographical data. In addition, conventional database systems do not support the complex
data types found in programming languages so that they cannot hold the graphical elements
of a GIS. As a result, a spatial database has to be constructed separately and this means that
a linkage to the attribute database has also to be provided. Furthermore, conventional
programming languages do not support a feature that allows both vector and raster data to
be coexistent (i.e. encapsulated) within an object data type. Once again, this drawback
results in the separation of vector and raster databases.

Some vendors have succeeded in implementing an IGIS with an object-oriented approach.
The two examples (Smallworld GIS and Laser-Scan IGIS) described in the previous section
have shown a full degree of data integration. The Smallworld GIS system employs an
object-oriented programming language (Magik) and an object-oriented database to achieve
the required data integration. Both of these have been developed in-house. The Laser-Scan
IGIS database is also object-oriented. However, it has been developed using an object-
oriented approach based on Laser-Scan’s Gothic ADE which is not actually a OOPL. Quite
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apart from the GIS vendors’ interest in the use of an OOPL, laboratory researchers are also
tending to adopt this approach. Some typical examples of GIS systems based on the OOPL
approach are: GEOSTAR from Wuhan Technical University [Gong, 1994]; the prototype
GIS from University of Leiden [Oosterom, 1993], etc. However, the persistent data in these
object databases cannot be shared by other systems since the use of a database is system
specific. However, currently this approach is quite pragmatic with regard to providing both
object-oriented handling and an interface to existing RDBMSs. Still it may only be regarded
as a temporary solution to provide a FIGIS. In order to have a shareable database, it is very
desirable to adapt or to apply an advanced DBMS which provides more flexible capabilities
for handling complex geographical data.

Recently, some advanced DBMSs, including extended RDBMSs, OODBMS, and others,
have begun to appear in the marketplace. However, unlike the standard RDBMS, there is
no consensus in the computing community regarding the formal definition of the data
models, query languages, efc. which should be used in such systems. Despite this
disadvantage, a number of organisations have attempted to develop a prototype GIS based
on what is currently regarded as advanced DBMS technology. These pioneer projects have
given some indications of the capabilities and limitations of this advanced DBMS
technology. Hence, a further review of research work in this field is given in the following

section.
2.8 Recent Progress Made in Advanced DBMS Technology

Standard SQL-based RDBMSs are well suited for handling attribute data, but they are
inappropriate for the storage of graphical data. So the most common database design for
GISs which are designed specifically to employ commercial RDBMSs is to store the
graphical data in a proprietary file management system. A complex pointer mechanism is
then required to provide a link between the graphical and the attribute data. As a
consequence, the overall system performance is reduced and the integrity constraints can be
violated. Recently, two approaches based on advanced DBMS technology have been
investigated to overcome these drawbacks. One approach is to extend the capabilities of a
standard DBMS to handle graphical entities, whereas another approach is to implement an
innovative OODBMS in which the spatial extension is completely embedded in the DBMS.

2.8.1 The Extended RDBMS Approach

The extended RDBMS approach is to provide spatial database facilities by adding spatial
data types and associated functions to a standard RDBMS. It can be carried out either by
external attachment or through the built-in method. The external attachment method is to
develop a spatial support layer (or shell is called) above the standard RDBMS, whereas the
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vendors have also developed general-purpose extended RDBMSs which add facilities such
as complex data types, abstract data types, spatial access methods, object data management,
and others to standard RDBMSs. Examples of these extended RDBMSs are Ingres 6.3,
Sybase and Xidak Orion, all of which have already incorporated limited object data
management extensions, including user-defined types, rules, and programming-language
procedures stored in database attributes [Cattell, 1991]. Perhaps the most powerful
extended RDBMS is the research prototype system Postgres from the University of
California at Berkeley. Postgres is the successor to Ingres. It provides some geometric
types along with user-defined types that allow the users to define geographical data types as
system types, and supports different spatial indexing mechanisms such as B-tree and R-tree.
One research-based GIS development is based on this built-in type of extended DBMS.
This is a prototype GIS called GEO++ from the University of Leiden which has been
developed using Postgres. The GEO++ system provides an extensible DBMS for users to
incorporate the specific functionality which they require, such as raster data types or 3D
data types [Vijlbrief and van Oosterom, 1992; van Oosterom, 1993].

The advantage of the extended RDBMS approach is that the relational RDBMS already
provides well-developed facilities such as the Entity/Relationship (E/R) formalism, the non-
procedural language SQL, data transaction and so on for the management of the attribute
component of the database. Nevertheless, the extended RDBMSs are still deficient in
several aspects. In the first place, the data model is too simple for the representation of
complex geographical data. Furthermore the semantic links are lost because the coherent
geographic entities have to be broken into multiple parts in order to fit the data into the
relational tables. Finally the data access is inefficient because mapping between the user
data model and the relational tables is required [Cattell, 1991; Cooper, 1993; van
Oosterom, 1993]. Consequently, in general, the use of an extended RDBMS is not regarded
as a good tool for developing an IGIS.

2.8.2 The OODBMS Approach

As the name suggests, OODBMSs are the database management systems which are based
on the object-oriented data model. These systems have an architecture which is based on
the use of a database programming language. Therefore, OODBMSs are sometimes called
object-oriented database programming languages (OODBPLs). In this thesis, these two
terms (OODBMS and OODBPL) are used interchangeably, depending on which particular
aspect - database management or object-oriented programming - is being emphasised. In an
OODBMS, the data used by the database maps directly onto that used by the programming
language. Consequently the considerable data transformation and data
construction/decomposition operations involved in RDBMSs will be eliminated. Apart from

the advantage of improving efficiency, the data model representing the real world can also
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be made to harmonise well with the representation of complex objects in an OODBMS. An
OODBMS provides a query language, object types with inheritance, the caching of objects
in main memory, transaction management and remote data access [The Committee for
Advanced DBMS Functions, 1990; Helokunnas, 1994]. Quite a number of OODBMSs are
commercially available, e.g. some well-known systems such as GemStone from the Servio
Corporation; ObjectStore from Object Design; ITASCA (originally called Orion) from
Itasca Systems; O, from O; Technology; and ONTOS from Ontos Inc. [Cattell, 1991].

Although OODBMSs suffer from a lack of standards to allow the portability of systems
developed using them [Cooper, 1993], these systems have provided a popular approach to
the implementation of object data management in CAD and CASE software packages.
Recently, OODBMSs have gained much attention from GIS researchers. In particular, the
OODBMS approach is being used in experiments into the development of an object-
oriented GIS. Two representative prototype systems - IGN’s GeO, and CSIRO’s ONTOS -
have been selected for reviewing this particular development. Originally both IGN and
CSIRO developed their prototype GISs based on the extended RDBMS approach. These
were GéoTropics [Bennis et al. 1990] and SIRO DBMS [Abel, 1989] respectively.
Afterwards, their system development was transferred to the OODBMS approach; however
each uses a different commercial OODBMS product as the basis of the system. Currently,
both GeO, and ONTOS are vector-based systems. However, they can be easily extended to
become IGISs because OODBMSs are capable of handling large attributes, or BLOBs, in
which case, an image may be stored as a single attribute value. The short review of these
two systems conducted below is intended to give a general idea of current GIS research and
development based on the OODBMS approach.

2.8.2.1 IGN GeO;

The French Institut Géographique National (IGN) has developed its prototype GIS system
GeO, using an OODBMS called O,. The O, DBMS was originally developed at GIP Altair,
in Le Chesnay, France and has been transformed into a commercial product marketed by O,
Technology. Also O, provides a database whose values can be described in the context of a
class hierarchy of objects. Any object or value of any type can be stored in the database. O,
allows a variety of database schemata to be created, and can store many databases against
each of these schemata. O, can be interfaced with a variety of programming languages such
as CO, and C++. Apart from its basic database management facilities, O, also provides the
following important features: a generic graphical interface, O,Look; a set of system classes,
provided as the schemata O;Kit; an ad-hoc query language, O,SQL; and the incorporation
of a network facility into the OODBMS [Cattell, 1991; Cooper 1993]. On the whole, O, is a
very powerful OODBMS.
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The objective of IGN’s GeO, is to produce a GIS that is capable of handling different data
structures, and induces independence between these data structures and the GIS operations.
In this way, the GIS operations have to be programmed only once and need not be
modified, even when they will be utilising different data structures. GeO, takes advantage of
the object-oriented aspect, in particular of the inheritance mechanism, of the O, DBMS to
achieve the concept of independence. The conceptual data model used for the GeO,
database was based on the data model of the interchange format DIGEST-VPF (DIgital
Geographic Exchange STandard - Vector Product Format) which was developed by the
DGIWG (Digital Geographic Information Working Group) [DGIWG, 1992] for the
exchange of military geographical and topographical data. In DIGEST-VPF, four
topological levels are described and each one defines a way of structuring and managing the
geographical information. These four levels are: Cartographic Spaghetti; Non Planar Graph;
Planar Graph; and Full Topology [Williams, 1993]. Using this data model, three types of
data structures: Spaghetti, Network (Non Planar Graph and Planar Graph) and Map (Full
Topology) are defined in GeO;. A hierarchy between these three vector data structures is
constructed. Using the inheritance mechanism provided by the O, DBMS, a unique internal
data model is built to provide users with anyone of these three structures in a transparent
way. Hence, it is only necessary to have one implementation of spatial operators for the
unique internal data structure rather than one for each of the different data structures.
[David et al., 1993]. In other words, GeoO, has realised a high-level conceptual data model
which points towards a universal user data model by using the OODBMS approach.

Ge0, was written in CO, and has been implemented with the R* tree spatial access method.
GeO; has been operated with a large volume of real geographical data containing about 40
Mbytes. GeO, has also been used as a testbed for evaluating the performance of different
spatial access methods [Peloux et al., 1993]. The system is considered as being efficient in
performance and being extensible in terms of the management of geographical information.
The advantage of the OODBMS approach used in modelling complex geographical data is
very obvious. However, some drawbacks related to the O, DBMS have also been
discovered in the course of developing the GeO; system. The O, DBMS lacks an array
constructor which is important to manage intermediate points in polylines and polygons and

an association constructor which is needed to handle inverse references between two

objects. Furthermore, the O; DBMS is not able to define a spatial clustering of objects
[David et al., 1993].

In order to take advantage of the features supported by O, DBMS to develop GeO,, IGN
has added the functions necessary to extend the O, system for the specific purpose of
managing geographical data. These include the provision of geometrical data types (point,
line, polygon) to its basic structure; the associated functions (union, distance, rectangle,
etc.); and the predicates (cross, adjacency, overlapping, efc.) which are provided for query
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languages. Although a lot of efforts have had to be made to provide these extensions and
there still remain some of the disadvantages mentioned above, still the overall features of
the GeO; system have shown that the OODBMS approach is very promising for
development of an IGIS.

2.8.2.2 CSIRO ONTOS

CSIRO ONTOS is a prototype GIS developed by the collaboration of the Commonwealth
Scientific and Industrial Research Organisation (CSIRO) and the Defense Science and
Technology Organisation in Australia. The CSIRO ONTOS is based on a commercially
available OODBMS called ONTOS [Milne et al., 1993]. The ONTOS system is a multi-
user, distributed OODBMS with a C++ class library interface. ONTOS provides a persistent
object store for the storage and retrieval of objects denoted by the C++ programs. The
persistent store uses the class hierarchy to organise the objects. A library of classes and
functions is provided in ONTOS to aid the mapping of objects between the C++ programs
and the persistent store. However, the programmer has to specify explicitly the persistence
of objects. In addition, ONTOS also has the following important features: a variant of SQL
as a query language; inverse-attribute pairs that represent a single relationship are
automatically maintained; multiple versions of objects are supported; and the provision of
administrative tools for managing the schema evolution and physical data clustering
[Cattell, 1991; Cooper, 1993]. The advantage of ONTOS is that it works with standard
C++ compilers without modification. However, the ONTOS DBMS is generally regarded as
a low level kind of OODBMS due to the fact that the persistence of objects needs to be
explicitly activated by the programmer [Cooper, 1993].

The objective of CSIRO ONTOS is to test the performance of the ONTOS DBMS when
applied to geographical data handling. A contour layer extracted from digital maps was
used for such an experiment. The test data contains 2,568 contours, with a total of 266,029
coordinate points. The conceptual data model used for the ONTOS database design was
based on the data model of the Spatial Data Transfer Standard (SDTS) developed by the
U.S. Geological Survey [Fegeas, 1992; Williams, 1993]. SDTS defines a set of primitive
spatial objects that may be used either individually or in aggregate form to represent any
spatial phenomenon. In the ONTOS database, the chain object type, which consists of a
string of point-coordinates, is used to define a contour class. The same test data was also
used to create two different databases for the standard Oracle RDBMS and the SIRO-
DBMS which is of the external attachment type - as explained in Section 2.8.1. The
comparison of the three DBMSs focused on the capability of each system to handle
composite and complex objects. The results show that the ONTOS system gives the best
overall performance and has the fastest access of objects after the first retrieval resulting in
the advantage of object caching [Milne et al., 1993].
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CSIRO concludes that the development of GIS software based on the OODBMS approach
requires less time than that needed when using the standard RDBMS and the extended
RDBMS approaches. The two principal advantages provided by the OODBMS approach
are: (1) no programming effort is required to translate objects delivered at the database
interface; and (ii) it is also likely that previously developed modules can be reused.
Nevertheless, several disadvantages were also found within the ONTOS DBMS. The
object-SQL available in ONTOS does not permit the full power of the relational join to be
realised. Thus some queries have to be implemented by procedural object interaction. In
addition, there was difficulty in implementing the system due to inadequate documentation
and incompatibility between releases. Furthermore, it is a considerable challenge for the
average software engineer to learn the concepts in both C++ and ONTOS and become
productive with these tools.

This prototype GIS system developed by CSIRO has placed an emphasis on the capability
of the ONTOS DBMS to support the definition, creation, update and retrieval of a
geographical database. Although many other characteristics of ONTOS DBMS have not
been exploited or tested in the CSIRO ONTOS, again this research project has
demonstrated that the OODBMS approach has potential for IGIS development.

2.9 Discussion

As mentioned before, the backbone of an IGIS is the database management system. The
database management system should provide a database which is either logically or
physically integrated, allowing it to store various types of geographical information, and to
supply the facilities needed to handle all aspects of data management. The degree of data
integration, to either the display, process, or storage level, depends on the capability of the
database technology selected and used for the system development. In principle, an IGIS
demands a database technology that can provide a fully integrated database environment

and can manage complex geographical data in a very efficient way.

As has been discussed above, most commercial IGIS products are based on the use of
conventional database technology whereby vector and raster data are held separately in
different databases, and attribute data is often stored in a relational database. The
conventional database approach can only provide a certain degree of integration depending
on the specific methodology applied in the implementation, namely the use of either the
composite, extended, or complete method. Few IGIS products have been developed using
an object-oriented programming language. Such an approach utilises an object-oriented
data model and supports the persistence of objects. The object-oriented programming
approach is able to achieve a full degree of integration because vector, raster and attribute
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data can be regarded as descriptive information about objects. On the other hand, till now,
approaches based on an advanced database technology have only been used in research
prototype systems, notably the extended RDBMS and the OODBMS approaches. The
extended RDBMS approach takes the available resources of an existing RDBMS into
consideration. Several extended RDBMSs may be able to build an IGIS, but the overall
performance of such systems is generally poor in terms of their data manipulation. With
regard to the OODBMS approach, it appears to be a technique that potentially could take
the place of the current conventional database technology. The OODBMS approach
employs an object-oriented database to model the real world as closely as possible. In
addition, the mapping between the programming language and the database management
system may also be removed. As a result, an OODBMS can not only offer an integrated
database, but it may also perform quite well on geographical queries. Therefore, the
implementation of an IGIS utilising an OODBMS can be considered as a viable approach as
long as the relevant standards of the OODBMS are well established.

From the above discussion, it can be seen that IGIS development will benefit from the
integration of the programming language and the database management system, particularly
if both are object-oriented. Through this approach, a programming language is extended
with database capabilities, while the database management system has the capabilities of a
programming language(s) added to it. The evolution of such an integration results in the
emergence of database programming languages. Analogous to the different levels of
integration achievable in an IGIS, a database programming language may reach different
degrees of integration. In principle, the stronger the integration, the better the working
environment it will provide for an IGIS. There are many existing database programming
languages which may be classified into different categories. A particular category called
persistent_programming languages has not yet been exploited or explored regarding its
potential for the development of an IGIS. These persistent programming languages appear
to offer a sound environment for the integration of programs and the database. In theory,
the persistent programming languages should provide a better integrated environment than
other database programming languages. However, building an IGIS involves many other
requirements apart from the need for an integrated database environment. It has also to be
proved that requirements such as multiple data modelling, the handling of multi-scale maps;
the management of multi-resolution images; and the graphical display capability, are viable
using such language systems. Therefore, the major objective of this research is to explore
and exploit the capabilities of persistent programming languages in terms of furthering the
development of an IGIS. Napier88, which is one of the main persistent programming
languages, has been chosen as the development tool in this research. Because persistent
programming languages in general and the Napier88 system in particular are still new to the
GIS community, the basic concepts and the main features of these languages will be

described in the next chapter.

56



Chapter 3: Napier88 and its Use as the IGIS Development Tool

CHAPTER 3 : NAPIERS88 AND ITS USE AS THE IGIS
DEVELOPMENT TOOL

3.1 Introduction

During the 1960s and 1970s, programming languages and database management systems
were developed quite separately from one another. However, in order to develop
application software, an interface between the programming language and the database has
to be created or established. The creation of such an interface not only consumes
considerable resources, but it also results in a number of problems. Two main problems are
the semantic gap, which is the difference between the data model used in an application
program and its representation in the database, and the impedance mismatch, which is the
inconsistency of data types existing between the program language domain and the database
domain [Atkinson and Buneman, 1987; Khoshafian and Abnous, 1990; Kim, 1990; Cattel,
1991]. These problems become matters of major concern when dealing with complex
applications such as CAD, CAE and CASE, let alone GIS. During the 1980s, the need to
produce an integrated system combining both programming facilities and database
management became widely recognised, and since then many attempts have been made to
construct programming languages which are completely integrated with a database
management system. These languages are termed database programming languages
(DBPLs). Atkinson and Buneman [1987] have given a detailed overview of the
development in DBPLs and have identified the requirements that such a development has to
fulfil in terms of three criteria: data type completeness, persistence, and expressive power.
So far, during the 1990s, the main development of DBPLs has tended also to incorporate
object-oriented concepts in the system design, and this has resulted in the emergence of
object-oriented database programming languages (OODBPLs) or object-oriented
database management systems (OODBMSs). On the other hand, another important
development in DBPLs has been that of persistent programming languages (PPLs) which
adopt a uniform approach to persistence in pursuit of a fully integrated database

programming environment.

Both OODBPLs and PPLs are able to meet the three criteria of a DBPL set out above and
to alleviate most of the problems of the semantic gap and the impedance mismatch.
However, there are dissimilarities between OODBPLs and PPLs. These major differences
can be summarised as follows [Atkinson and Buneman, 1987; Dearle et al., 1989; Cattell,
1990; Atkinson, 1992a; Batty, 1992; Cooper, 1993; Halokunnas, 1994]: -
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An OODBPL is generally formed by extending an existing object-oriented programming
language, usually C++, through the provision of database capabilities, whereas a PPL is
usually developed as a completely new system and is independent of any existing

programming language.

An OODBPL is based on the object-oriented data model and places its emphasis on the
data management of objects, whereas a PPL centres on a consistent treatment of the
data used both in programming and database management so that it works well with any
kind of data model.

In an OODBPL, procedures are treated as properties of data. By contrast, in a PPL, the
program and the data have equal rights - procedures are independent and operate on
data, but they can also perform data manipulation for object-oriented management.
Moreover, procedures are first class values in a PPL and this promises more flexibility

for the behavioural aspects of an application.

An OODBPL may need to deal explicitly with the movement of data between programs

and a database, but this activation is not necessary in a PPL.

In a PPL, the persistence of data is independent of data types, whereas in an OODBPL,
it may be dependent on certain data types.

An OODBPL normally provides a structured query language (SQL), object
management toolkits, and interfaces to other programming languages, whereas a PPL
often lacks these features.

PPLs tend not to support inheritance since no satisfactory match has been found
between this property and the features listed above (i.e. SQL, toolkits, efc.) in terms of
the checking of types.

Perhaps the most important difference, however, is that OODBPLs have been developed

into commercial products. Therefore, as discussed in Section 2.8.2, much of the current

research into GISs has concentrated on the OODBPL approach. However, a PPL can

provide a more flexible environment than an OODBPL. In principle, this elegant feature

should provide an ideal environment for the integration of geographical data. Therefore,

research exploring the capabilities of PPLs for the development of a GIS, particularly an

IGIS, should be encouraged. Although PPLs are still experimental and are not yet available

as commercial products, the firmly integrated programming/database feature of PPLs has

drawn the author’s attention to carry out an exploration into the suitability of the persistent

programming language Napier88 as an IGIS development tool.
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In this chapter, firstly the essence of PPLs is described with a discussion of their
implications for geographical data handling. This is followed by an overview of the
Napier88 system, with an emphasis on the language aspects, including the basic design
principles, its main characteristics, the type system and the persistent store environment.
Thereafter, the most important facilities of Napier88 that are relevant to the design of IGISs
and their databases are described.

3.2 Persistent Programming Languages

Persistent programming languages are defined as those languages which allow any of their
values to have lives of any duration [Atkinson and Morrison, 1990]. The concept of
persistent language systems was introduced by Atkinson [1978] as a means of simplifying
the task of programming. The initial motivation for building such systems arose from the
difficulties of storing and retrieving data structures in CAD/CAM research [Atkinson,
1978]. The first data type complete PPL, PS-algol, was successfully implemented in 1980
after some difficulties were experienced during attempts to integrate persistence with the
well known Algol 68 and Pascal languages. Since then, considerable research has been
devoted to the investigation of the concept of persistence and its implementation.
Consequently, a number of other persistent programming systems have been developed
including Galileo, Amber, Poly, Napier88, efc. [Atkinson and Morrison, 1990; Morrison et
al., 1993a). Currently, work to enhance existing functions and to develop new features (or
both) is continuing. Several persistent systems including Napier88 already have quite a lot

of functions available for practical applications.

Persistent programming systems can be regarded as the appropriate underlying technology
for the construction and maintenance of large, long-lived, object-based application systems.
Morrison et al. [1993a] summarised the advantages of using persistent programming

systems as follows: -
e improving programming productivity as a result of simpler semantics,
® removing ad hoc arrangements for data translation and long term data storage; and

e providing protection mechanisms over the whole environment.

All these benefits come from the underlying principle of orthogonal persistence by which a

persistent programming system is supported. The concept of orthogonal persistence; the
principles used for the provision of persistence; and the persistent type system form the
essential elements of PPLs. Therefore, each of them is described in turn in the following

subsections.
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3.2.1 The Concept of Orthogonal Persistence

The persistence of data is the length of time for which data exists and is usable. In
traditional computer systems, the persistence of data can be described by the following six
categories [Atkinson et al. 1983; Brown, 1989]:

1) data that only exists within the evaluation of an expression,

2) data that is local to the activation of a procedure,

3) data that is global to a program or outlives the procedure that created it,
4) data that exists after the execution of a program,

5) data that exists between versions of a program, and

6) data that outlives the program that created it.

There is an explicit distinction between short-term data (categories 1 to 3) and long-term
data (categories 4 to 6) in terms of data persistence. Short-term (transient) data is only
valid inside a program, and is lost once a program terminates. Long-term (persistent) data is
stored outside the program context. The persistence of short-term data is usually supported
by a programming language, whereas the persistence of long-term data is supported by a
DBMS or a file system. In such systems, the data format translation must be included in any

operation, in the course of which, data needs to be transferred between the programming
and database domains. Not only will many resources have to be consumed on data format
translation, but it is also very difficult for programmers to keep three mappings consistent
between the three domains: the real world, the program representation and the database
representation. In particular, the persistence of the modelled data from the real world into a
database needs to pass through two steps: (i) the modelled data first maps to appropriate
data types provided by a program; and then (ii) these data types in the program domain
again map to the corresponding data types used in a database. Thus, a programmer has to
ensure that the persistent data in the database domain is always kept logically consistent
with the real world domain. Fig. 3.1(a) illustrates the concept of mappings between

different domains in a traditional programming language.

Database
..
data format Program
translation ", Consistent? Database < » Real World
- data format translation
P
Program * »  Real World

data format translation

(a) Traditional programming languages (b) Persistent programming languages

Figure 3.1 The concept of mappings between different domains in
(a) traditional and (b) persistent programming languages
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The required consistency becomes almost unachievable since the actual data and programs
complicate the mappings. As a result, data represented in the three domains are very

difficult to maintain in a harmonious state in the long run.

A persistent programming language eliminates the distinction between short-term and long-
term data persistence by integrating a programming language and the database into a single
system. In a persistent programming system, persistence is an orthogonal property of data.
That is, the manner in which data is manipulated is independent of its persistence. The same
mechanisms operate on both short-term and long-term data, avoiding the traditional need
for separate systems to control access to data of differing degrees of longevity [Atkinson,
1992a; Kirby 1992]. Hence, a persistent programming system only requires a single
mapping from the modelled system of the real world to programs since there is no data
translation required between the program and the database domains [Atkinson and
Buneman, 1987]. Fig. 3.1(b) depicts the concept of mappings between different domains in

a persistent programming language.
3.2.2 The Principles for the Provision of Persistence

According to the concept outlined above, a persistent programming system is devised and
constructed with the integration of a programming language and database facilities to
provide a consistent treatment of the data used in both the programs and the database.
There are two esse:ntial principles which guide the provision of persistence in the design and
architecture of persistent programming languages [Atkinson et al., 1983; Atkinson and
Buneman 1987; Atkinson and Morrison, 1990; Atkinson, 1992a]:

The Principle of Persistence Independence
The persistence of a data object is independent of how the program manipulates that
data object, and conversely, a fragment of program is expressed independently of the

persistence of the data it manipulates.

The Principle of Persistent Data Type Orthogonality
In line with the principle of data type completeness, all data objects, whatever their

type, should be allowed the full range of persistence.

Based on these principles, the use of all data in a persistent programming system is
independent of its persistent properties, including where it is kept, how long it is kept, and
in what form it is kept. In other words, a persistent programming system removes the need
to explicitly distinguish between the use of short-term and long-term data. Moreover, a
persistent programming system supports data type completeness. This means that any data
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type with rich data structures can be constructed, managed and stored in an integrated

programming/database environment.

3.2.3 The Persistent Type System

In persistent language systems, type systems are languages for describing the data types
which programs in the language can manipulate and provide the mechanisms whereby
sentences in those languages can be interpreted. Types are denoted by expressions in the
type algebra provided by the type system. Variables have types which denote the subset of
values they may hold. Each value has a type [Atkinson, 1992a]. Some system types are built

with a regular data structure e.g. an array, a list and a relational table. A new data type can
be constructed by using predefined type constructors. Hence, a user is able to create new
data types with appropriate data structures for a specific application quite easily.
Conceptually, the set of data types in a PPL program is roughly equivalent to a schema in
the context of DBMSs. Similarly, a type system in a PPL represents a data model in a
DBMS. The vocabulary equivalencies between PPLs and DBMSs are shown in Table 3.1.

Persistent Programming Languages | Database Management Systems
Type System Data Model
Data Type Schema Element
Variable Database
Value Instantaneous DB Extent

Table 3.1: The vocabulary equivalencies between PPLs and DBMSs [Atkinson, 1992a]

There are two separate but interacting aspects present in type systems: these are the control
of complexity and the protection of data. The control of complexity is the ability to
structure data in a regular form, whereas the protection of data is the ability to protect data
from accidental or deliberate misuse [Morrison et al., 1990]. The complexity of a type
system is determined by the number of its defining rules. These type rules should be able to
be applied consistently throughout the design of the underlying system. On the other hand,
it is necessary to have data protection and recovery mechanisms to prevent data misuse and
loss from hardware and software failure. Generally speaking, the greater the enforcement
on the protection aspects of types, the less flexibility there will be in the modelling
capabilities of application systems. For example, most language systems employ totally
static checking for types in order to become more secure in type correctness and more
efficient in program execution. These are known as strongly typed systems. However, such
language systems cannot dynamically accommodate any change in types. As a result, the
cost of totally static checking for types is that any alteration to type involves the total re-
compilation of the whole system. On the contrary, some language systems perform totally
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dynamic checking for types to provide flexibility in controlling complexity at the run-time.
These are known as weakly-typed systems. The drawback of totally dynamic checking for
types is that it results the system being intrinsically less safe and less efficient [Morrison et
al., 1987]. Therefore, the design of type systems needs to have a balance between flexibility
and safety.

3.2.4 Implications for Geographical Data Handling

Geographical data handling deals with complex real world objects which usually comprise
or are represented by a mixture of spatial, attribute, and temporal components.
Geographical objects (features) first map to a conceptual data model through some data
generalisation and abstraction process. This mapping is known as conceptual modelling and
involves identifying the object’s pertinent characteristics, and constructing object
relationships, efc. The design of an appropriate conceptual data model depends on different
geographical data representations, and the intended or required applications. This
conceptual organisation is then translated into programs and a database representation
which is often called logical modelling. This is concerned with the organisation of
geographical data in programs and databases, and in particular with data structures.
However, data persistence in the course of logical modelling is quite different depending on
whether between a traditional database management system or a persistent programming

system is being considered.

For example, Fig. 3.2 illustrates the modelling processes and the differences in data
persistence for rivers between a traditional system and a persistent system. The locations of
rivers in the real world are first captured and stored in digital form and are then
conceptualised as a spaghetti model using the entity-relationship approach. In this instance,
a river is represented as an entity which is composed of (i.e. has a relationship with)
polylines (i.e. entities); a polyline consists of a series of points; and a point has three spatial
components - its X, Y, Z coordinates. It should be noted that the same data model may be
implemented in the form of different data structures. For instance, the spaghetti data model
representing the rivers may be implemented as a List, as an Array, and so on. In the
example shown in Fig. 3.2, both the traditional and the persistent systems use List
structures in their program representation. However, when the programs store data in the
databases, the data retains the same List structure in a persistent system, while it may have
to be translated into other data structures in a traditional DBMS. In this example, it can be
seen that the format translation required in a traditional system results in the problem of
impedance mismatch. In practice, the semantic gap problem may also appear quite readily
since a geographical database normally consists of many types of features and they may be

represented by several data models for different applications. By contrast, in a persistent

63




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































