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1. Introduction

Current geographical information systems (GIS) are capable of acquiring spatially
indexed data (locational, temporal and attribute information) from a variety of
sources; changing the data into useful formats; storing the data; retrieving and
manipulating the data for analysis; and then generating the outputs required by a
given user. Their great strength is based on the ability to handle large, multilayered,
heterogenous databases of spatially referenced data and to query such databases
about the existence, location and properties of a wide range of spatial objects in an
interactive way.

But the current systems have only limited analytical functionality for analysing
spatial data. The data manipulation procedures usually included in standard
geographic information systems are limited to Boolean operations on the attributes
of spatial entities (points, lines, polygons; measurements of distance and direction;
geometrical operations such as rotation, translation and scaling of coordinates,
rectification and removal of distortion, etc.), to line intersection, point-in-polygon or
polygon overlay in raster or vector mode, to the creation of buffer zones around a
feature, simplified forms of network analysis, and the computation of various simple
statistics on the attributes of the entities. Much of the built-in analytical functionality
in commercial GIS reflects the perceived needs of the current GIS market. But it is
becoming increasingly evident that the standard analysis options are insufficient for
scholars working in various fields (Burrough 1990).

One of the challenges of the 1990s to the GIS and the geographic modelling
communities will be to respond to this perceived deficiency in current geographic
information systems. Evidence for this view can be found in the research agenda of
the important forums and centres for GIS research. The theme of GIS and spatial
analysis is a major concern of research efforts, especially undertaken by the US
National Center for Geographical Information and Analysis, and by the ESRC's
Regional Research Laboratory in the UK (see Masser 1988). Nevertheless,
progress to link spatial analytical tools with GIS has been rather slow. An effective
form of tight coupling in which data can be passed between a geographical
information system and a spatial analysis module without loss of higher structure is
still missing (Goodchild 1991). Increasing research efforts are directed towards
developing modular computing environments, building statistical software such as
MINITAB, GLIM and GAUSS onto a central GIS core.



The last few years have witnessed significant advances in the field of artificial
intelligence (Al) leading to the emergence of practical and useful arificial
intelligence technologies. Not all technologies and concepts will be useful in a GIS
world, but some - especially artificial neural networks and (rule-based) expert
systems - have the potential to be essential to the development of a new generation
of intelligent or knowledge based geographic information systems. The following
discussion places more emphasis on artificial neural networks than on expert
systems due to two reasons. First, artificial neural networks or neurocomputing may
be considered to have a much farer reaching potential to meet the needs for
analysis and modelling generated by the GIS-revolution. Second, up to now
geographers and regional scientists - with the exception of very few scholars like
Openshaw (1992a, b), Halmari and Lundberg (1991), White (1989) - have been
rather slow in realising the revolutionary potential of artificial neural networks for
spatial analysis and modelling in a GIS-world.

The paper is structured as follows. Section 2 briefly points to three major
deficiencies of current geographic information systems: the logical foundation
based on the classical concept of Boolean logic and classical set theory; the limited
analytical functionality; and the low level of intelligence in terms of knowledge
representation. The removal of these deficiencies is considered to be essential for
the next generation of geographic information systems, the knowledge-based
systems. Rule-based expert systems and artificial neural networks for spatial
analysis and modelling are believed to be major components in such systems.
Section 3 briefly summarizes the expert system approach, while in sections 4 and 5
emphasis is laid on neurocomputing. Section 4 describes some basic
characteristics and principles of neurocomputing necessary to understand the
applications potential of artificial neural networks to be discussed in section 5.

2. Some Major Limitations of Current Geographic Information
Systems and the Need for a Knowledge Orientation

A geographical information system (GIS) may be defined as a computer based
information system which attempts to capture, store, manipulate and display
spatially referenced data (in different points in time), for solving complex research,
planning and management problems. The system may be viewed to embody



* a database of spatially referenced data consisting of locational and associated
attribute data, (large-scale) data sets where the data included usually have
spatial characteristics such as spatial (space-time) dependencies, non-
stationarity, varying degrees of reliability, multivariate non-normality, non-
linearities, sensitivity to scale and aggregation effects, noise because of error
propagation or due to the nature of data sources (see Openshaw et al. 1990,
Openshaw 1992b),

» appropriate software components encompassing procedures for the interrelated
transactions from input via storage and retrieval, and the adhering manipulation
and spatial analysis facilities to output, and

» associated hardware components including high-resolution graphic display,
large-capacity electronic storage devices and processing units

which are organized and interfaced in an efficient and effective manner to allow
rapid data storage, retrieval and management capabilities and to facilitate the
analysis.

Current geographic information systems suffer from three major limitations (see
Clarke 1990, Goodchild 1991. Fischer and Nijkamp 1992, Leung 1992):

» The first major deficiency is caused by the logical foundation. Geographic
information systems are predominantly based on the classical concept of
Boolean logic and classical set theory which do not tolerate imprecision in
information, human cognition, perception and thought processes. Boolean logic
imposes artificial precision on intrinsically imprecise spatial data, phenomena
and processes. It is inadequate to handle imprecision of information and
knowledge in the representation of spatial data and relationships, in the query
and analysis of spatial information. This limitation calls for a more general and
sound logical foundation of geographic information systems as offered by the
concept of fuzzy logic (see Leung 1992).

» The second major deficiency refers to the limited built-in analytical and
modelling functionality. Current geographic information systems are strong
in the domains of data capture, storage, retrieval and graphical display. Their
current capabilities for more sophisticated forms of spatial analysis and
modelling, however, are rather limited. There is an enormous range of GIS-



relevant spatial procedures and techniques which might be taken into
consideration to increase the analytic and modelling functionality of geographic
information systems, including inter alia exploratory spatial pattern analysis,
regional taxonomic procedures, spatial interaction and choice models, spatial
regression models with spatially autocorrelated errors, location-allocation
models, space-time statistical models (see Openshaw 1990, Goodchild 1991,
Fischer and Nijkamp 1992).

 The third major deficiency of the systems refers to the low level of
intelligence in terms of knowledge representation and processing.
Geographical problems are highly complex in nature. Effective solutions of such
problems require an intelligent use of large data bases, structured and
unstructured (procedural) knowledge. Over the years, structured (procedural)
knowledge taking the format of statistical and mathematical models has been
developed in Quantitative and Theoretical Geography, and recently loosely
coupled with conventional geographic information systems via data export and
import (see Leung 1992). The application of new artificial intelligence principles
and technologies in general, and expert systems and artificial neural networks in
particular, provides the potential to increase the level of intelligence of
geographic information systems.

Fig. 1: Three Types of Information System Technology
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Combining different types of information system technologies (such as GIS, expert
systems and artificial neural networks) can help to reduce the limitation of each
system, and in particular to increase the level of intelligence of geographic
information systems (see Fig. 1).

The deficiencies of conventional geographic information systems mentioned above
point to three elements which have to be considered to be critical for integration into
the next generation of more intelligent systems:

+ the concept of fuzzy logic,

+ advanced spatial analysis and models modules via conventional tools and/or via

« artificial intelligence technology in general and spatial expert systems (SES) and
artificial neural networks (ANN) in particular.

Fig. 2 outlines a system architecture of a knowledge based geographic information
system which takes these elements into account and, thus, would greatly enhance
the power and usefulness of geographic information systems for spatial analysis
and decision making in such a way that the GIS can offer intelligent advice or take
an intelligent decision about geoprocessing functions. The architecture is based
upon three major components:

+ the GIS core component includes the databases (locational, temporal and
attribute data), a database management system(s) and an information retrieval
module,

+ the spatial expert system (SES) component for clearly defined and
relatively simple spatial analysis and modelling tasks, with a knowledge-
acquisition module, a (spatial and non-spatial) domain-specific knowledge base
and a rule-based inference engine,

+ the artificial neural networks (ANN) component for more sophisticated
forms of spatial analysis and modelling.

The SES- and the ANN-components may be integrated with the GIS component
through a (fuzzy) information retrieval module. Such an integration establishes
communication between expert systems and artificial neural networks on the one
side and GIS on the other. The system contains the two major types of knowledge,
procedural knowledge (algorithms, mathematical and statistical models) basically



Fig. 2: System Architecture of a Knowledge-Based Geographic Information System
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via the artificial neural network component and declarative (rule-based) knowledge
basically via the expert system component.

To account for imprecision in spatial data as well in the reasoning process fuzzy
logic extending the operations of Boolean algebra to cover fractional truth-values
intermediate between 0 (false) and 1 (true) may be employed as the logic
foundation in the design of the system (see Leung 1992, Wang et al. 1990). This
implies the integration of a fuzzy relational data model, a fuzzy information retrieval
tool and fuzzy-logic-based expert systems. Both, the artificial neural network and
the expert system modules are coupled with the GlS-environment. User interfaces
may facilitate communication with the GIS environment, the expert systems and the
building of spatial model and analysis based artificial neural networks.

This system architecture would enable to link spatial analysis and modelling with
GIS intelligently for specific domains, via the SES- the ANN-components, and
would assist the user to choose the best set of procedures and tools to solve his
problem at hand within the constraints of data, data quality, cost and accuracy. The
neural network and the expert system components fundamentally differ in their
knowledge representation techniques. Expert systems utilize the way of symbolic
encoding of knowledge in form of production rules (forward/backward chaining
systems), the mainstream approach to knowledge representation, while artificial
neural networks commited to the principle of interconnectivity represent knowledge
implicitly rather than explicitly.

3. The Expert System Component

Expert systems may be viewed as systems which achieve expent-level performance
utilising symbolic representation of knowledge, inference and heuristic search.
They are designed to provide acceptable solutions using knowledge from experts
and emphasize domain-specific knowledge rather than more general problem
solving strategies. Four kinds of software tools are available for developing expert
systems:

» conventional languages such as C-language,
» Al languages such as Lisp and Prolog,
+ expert system shells (for example, NEXPERT), and



+ Al development environments such as KEE (Knowledge Engineering Environ-
ment, Intilicorp.).

Expert system shells and Al development environments greatly reduce the cost of
developing expert systems.

Spatial expert systems, i.e. expert systems with a spatial domain, have evolved via
a manner which parallels that of expert systems in the business data processing
community (see, for example, Smith et al. 1987, Kim et al. 1990). A fully fledged
fuzzy-logic-based expert system consists of four essential components (see Fig. 3)

+ a knowledge acquisition module to assist in expressing knowledge in a
form suitable for inclusion in the knowledge base,

+ a fuzzy knowledge base consisting of spatial and non-spatial knowledge in
fuzzy and non-fuzzy terms ((spatial) objects and their attributes, relationships
and their attributes, etc.) about some substantive domain,

+ a fuzzy-logic-based inference engine consisting of rule-based inference
procedures and control mechanisms used to detect, select, and execute relevant
rules in the knowledge base,

» an user interface which assists the user to consult the spatial expert system.

In fuzzy-logic based expert systems fuzzy logic is employed to handle appropriate
reasoning so that fuzzy and non-fuzzy terms can be employed to make inferences.

The user interface is a general module which controls I-O-behaviour of the system
and facilitates user interaction with the system. The interface fulfills basically two
functions: first, to provide the user with the information required to solve his
problem, to display the conclusions and to explain its reasoning; second, to
translate queries from the user into specific goals for the expert system's engine
machine.

The knowledge acquisition module serves to interact with the domain's expert to
acquire information relevant to both the knowledge domain and judgemental
behaviour of the expenr, in terms of objects, facts, fuzzy terms etc. The conventional
approach in knowledge acquisition is interview-based [and by static analysis].













































