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Abstract. Spatial analysis mostly developed in an era when data was scarce
and computational power was expensive. Consequently, traditional spatial
analysis greatly simpli®es its representations of geography. The rise of geo-
graphic information science (GISci) and the changing nature of scienti®c ques-
tions at the end of the 20th century suggest a comprehensive re-examination of
geographic representation in spatial analysis. This paper reviews the potential
for improved representations of geography in spatial analysis. Existing tools in
spatial analysis and new tools available from GISci have tremendous potential
for bringing more sophisticated representations of geography to the forefront
of spatial analysis theory and application.
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1 Introduction

There is little doubt that spatial analysis has made tremendous progress since
the so-called ``quantitative revolution'' of the 1950's. There is also little doubt
that geographic information science (GISci) and its realization through geo-
graphic information systems (GIS) have tremendous potential to disseminate
spatial analytical tools and allow a broad range of researchers, analysts and
decision-makers to bene®t from these techniques. A question that remains is
``what can spatial analysts gain from GISci?'' There are several answers to this
question, some of which are addressed in other papers in this special issue.
One answer that I will focus on in this paper is representations of geography in
spatial analysis.

Spatial analysis mostly developed in an era when data was scarce and
computational power was expensive. Consequently, traditional spatial analy-
sis greatly simpli®es its central objects of study, i.e., geographic space, geo-
graphic objects and geographic relationships. The rise of GISci and the
changing nature of scienti®c questions at the end of the 20th century suggest a
comprehensive re-examination of geographic representation in spatial analy-



sis. Geographic information technologies and GISci have improved (to put it
mildly) our ability to process digital geographic data that accurately repre-
sents empirical geography. Environmental problems, equity and access issues
and increasingly scarce resources require integrative, global-level perspectives
and tighter linkages between the human and physical sciences. Sensitive anal-
ysis of human behavior at a variety of scales requires a richer representation
of the Earth as perceived and used by individuals.

This paper reviews the potential for improved representations of geo-
graphy in spatial analysis. This review will illuminate existing tools in spatial
analysis and new tools available from continuing advances in GISci. As will
hopefully become clear, there is an existing undercurrent in the spatial ana-
lytical literature that addresses richer representations of geography. GISci has
tremendous potential for expanding these e¨orts and bringing more sophisti-
cated representations of geography to the forefront of spatial analysis theory
and application.

2 Geographic representation in spatial analysis

2.1 Pregeographic space

Formal representations of geography are usually based on some model of
pregeographic space (Beguin and Thisse 1979). Pregeographic space is a set of
places (either ®nite or in®nite) endowed with certain structural properties but
devoid of any measured attributes. A key structural property is the length-
metric. This is a relation de®ned over any two places and returns a value that
we typically interpret as the distance between the places. The length-metric
normally obeys the well-known metric space properties of non-negativity,
identity, symmetry and triangle inequality.

Mainstream spatial analysis generally relies on a particular type of pre-
geographic space, namely, planar Euclidean space. This is de®ned when the set
of places is a Cartesian n-space (typically, n � 2 although sometimes n � 3)
and the length-metric corresponds to the Euclidean distance function. Planar
Euclidean space is only one type of metric space: an in®nite number of planar
metric spaces corresponding to di¨erent types of shortest path travel. More
general are semi-metric and quasi-metric spaces. In the former case, triangular
inequality property no longer holds but symmetry still maintains. The latter
case occurs when both the triangular inequality and symmetry properties are
violated (see Smith 1989).

Non-Euclidean metric, semi-metric and quasi-metric pregeographic spaces
are often more appropriate than Euclidean space for analyzing and visualizing
geographic phenomena, particularly when spatial interaction does not follow
straight lines or the metric space properties. Indeed, the argument by some
non-scienti®c scholars that space is diminishing as a casual mechanism or
critical medium holds mostly for Euclidean space: other pregeographic spaces
still have substantial explanatory power (Cli¨ and Haggett 1998). There are
several e¨ective techniques for estimating non-Euclidean spaces from observed
interactions or correlations (see, e.g., Cli¨ and Haggett 1998; Love et al.
1988).

Another type of pregeographic space is spherical space, i.e., a three-
dimensional closed surface in which every location is equidistant from a
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given point (the center of the sphere). These spaces are critical for analyz-
ing geographic phenomena at regional to global scales (Raskin 1994). Spher-
ical spaces can be metric, semi-metric or quasi-metric depending on the
length-metric. Some methods exist for spatial analysis on a sphere, including
spherical statistics and interpolation methods (see Raskin 1994). In addition,
advances continue in geocomputational algorithms for representing and
processing digital representations of the sphere (e.g., Hodgson 1992).

Despite the promising developments in modeling and analysis of non-
Euclidean pregeographic spaces mentioned above, these representations are
still very much at the periphery of spatial analysis. Perhaps even more dis-
turbing is a persistent lack of appropriate tools in GIS software. Concurrent
development of non-Euclidean spatial analytical methods and geocomputa-
tional techniques for integration of these methods into commercial GIS soft-
ware is required.

2.2 Geographic space

Geographic space emerges when we measure some attribute(s) within the
framework provided by the pregeographic space (Beguin and Thisse 1979).
Geographic space is a much richer concept than pregeographic space and
corresponds better with our physical reality (which tends not to be empty).

When considering geographic space, the pregeographic concept of ``dis-
tance'' is too primitive: interaction is conditioned by physical and human-
made attributes such as terrain or tra½c congestion. The analogous geo-
graphic space concept is the minimum cost path through a cost density ®eld,
that is, an attribute or attributes that can be interpreted as an interaction
cost.

Finding the minimum cost path through geographic space requires solving
a variational problem that is di½cult to evaluate for the general case. For-
tunately, special cases of the problem are tractable, including cost polygons in
Euclidean 2-space (e.g., Smith et al. 1989), polyhedral terrain in Euclidean 3-
space (e.g., Mitchell et al. 1987) and cost lattices (e.g., Goodchild 1977).

Most theories, models and techniques in spatial analysis use the primitive
view of interaction in pregeographic space, that is, as a function of distance.
The richer view implied by geographic space is to characterize interaction
by minimum cost paths through cost density surfaces. For example, spatial
autocorrelation or spatial interaction models could replace the pregeographic
concept of a distance function with the geographic concept of a minimum cost
path to capture the mitigating e¨ects of physical or human geographic fea-
tures. This will require continued development of fast, parallel methods for
computing these paths in appropriate special cases.

2.3 Geographic entities

Measuring geographic attributes within an appropriate pregeographic frame-
work can generate entities with critical morphological properties. Properties
such as shape, orientation, structure and pattern can strongly in¯uence geo-
graphic processes (Medda et al. 1998). These properties can also guide the
search for appropriate theory to explain geographic processes (Dobson 1992).

Geographic representation 57



Measuring geographic attributes typically generates two types of geometric
forms, namely, objects or ®elds. Morphological properties such as object
shape and spectral signatures of ®elds were central to early conceptualizations
of spatial analysis (e.g., Bunge 1966; King 1969). Treatments during the in-
tervening decades have been uneven. Field-based representations of land-
scapes and landforms in quantitative physical geography are sophisticated, a
tradition that GISci will continue if not expand. Object-based representations
in human geography are frequently less satisfying. Some attention has been
directed towards the mutual in¯uences between object geometry and geo-
graphic processes (e.g., Medda et al. 1998). However, these factors are usually
ignored due to the more common use of point-based representations of geo-
graphic entities.

Expanding the treatment of morphological properties in spatial analysis
requires an expansion of appropriate GIS-friendly tools. Particularly critical
are scalable techniques for shape analysis. Although shape can be a di½cult
and multifaceted concept, it is crucial as an indicator of forces that shape a
geographic entity and as an in¯uence on future evolution (Medda et al. 1998).
While the spatial analysis literature o¨ers several shape analytic measures, few
are robust and can scale to handle the very large digital geographic datasets.

2.4 Geographic relationships

Nystuen (1963) identi®es three fundamental relationships in spatial analysis,
namely, distance, connectivity and direction. Spatial analysis generally treats
the ®rst two relationships in a very limited form and virtually ignores the
third. An expanded view of geographic representation in spatial analysis re-
quires a more complete treatment of these relationships.

2.4.1 Distance

We have already noted the reliance on the pregeographic concept of distance
in spatial analysis and the need to expand this to the geographic concept of
minimum cost paths. However, the concept of distance itself needs to be
expanded, particularly when working with dimensional geographic objects.
``Distance'' in spatial analysis typically is a single measurement; for example,
analysts often use a centroid-to-centroid measurement to characterize the dis-
tance between two polygons. In fact, a distribution of distances exist between
two dimensional objects.

The centroid-to-centroid distance is often a poor summary of the distance
distribution between two-dimensional objects. Other summaries of this distri-
bution include: i) expected distance; ii) average distance; iii) minimum distance;
iv) maximum distance, and; v) Hausdor¨ distance. The expected distance
weights each distance in the distribution by the interaction probability. The
average distance is a special case of the expected distance where interactions
are equally probable between locations. The Hausdor¨ distance is the maxi-
mum distance between all locations in one object and the closest location in
the other (therefore it is asymmetric).

Tools are emerging to allow spatial analysts to measure more appropriate
distances between dimensional objects. Okabe and Miller (1996) formulate
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exact computational algorithms for calculating the average, minimum and
maximum distances between pairings of points, lines and polygon stored in a
vector format. The minimum and maximum distance algorithms are tractable
while the average distance algorithms are limited to moderate problems. Re-
quired is continued research on exact or heuristic algorithms for average and
expected distances and their appropriate use in spatial analysis as well as
analogous procedures for minimum cost paths.

2.4.2 Connectivity

In traditional spatial analysis, the concept of ``connectivity'' is binary, i.e., two
geographic entities are either connected or not. This is a very limited view of
the possible connectivity relationships between two geographic entities, par-
ticularly if one or both is dimensional. Egenhofer and Herring (1994) analyze
the possible topological relationships between points, lines and areas in
Cartesian 2-space. They discover a rich set of possible connectivity relation-
ships between dimensional geographic features. Experiments by Mark and
Egenhofer (1994) demonstrate that these relationships correspond well to the
natural language descriptions of real-world geographic features by human
subjects. Since the connectivity relationships can be computed through simple
binary topological relationships, they are scalable to large spatial databases
(see Egenhofer and Herring 1994).

2.4.3 Direction

Directional relationships can in¯uence the interaction among geographic
entities. This is intuitively obvious in physical geography where the ¯ow of
material, biomass or energy can vary by direction. Directional relationships
can also be important human geography, for example, in human environ-
mental knowledge and spatial behavior.

Spatial analysts should incorporate and expand computational techniques
for analyzing directional relationships. A fairly extensive (although not com-
plete) suite of directional statistics is available for statistical inferences from
directional observations. Also available are spherical statistics; these are the
special case of directional statistics on the sphere. Measures of central ten-
dency, dispersion, goodness of ®t to theoretical distributions and sample dif-
ference tests are available (see Raskin 1994). However, these techniques are
only available for point objects and do not necessarily scale. Continuing
advances in computational procedures for assessing directional relationships
among dimensional geographic objects could serve as the basis for scalable
directional and spherical statistics for line and polygon objects.

3 Conclusion

We now have the ability to process detailed digital representations of the
Earth. A closer match between formalizations of geography in spatial analysis
and available GISci techniques for processing digital geographic representa-
tions can enrich spatial analysis, making it more relevant to the critical scien-
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ti®c questions emerging at the turn of the century. The research agenda out-
lined in this short paper is to identify the appropriate domains for expanding
geographic representation in spatial analysis and continue the development of
tools to support these expanded representations.
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