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ABSTRACT

GIS has significant potential to support environmental
modeling. This paper explores the issues involved in
integrating the two fields, and develops the particular
context of global-scale research. GIS offers a range of
interesting data models, and the proliferation of data models
within the current generation of GIS products is seen as both
an advantage and a disadvantage to integration. The
functionality of GIS is not currently well adapted to
environmental modeling, and there is a need for a more
carefully defined interface.

INTRODUCTION

In its broadest sense, the term 'Geographic Information
System' refers to any digital information system whose records
are somehow geographically referenced. However this very
general definition conveys little sense of the nature of a
GIS, or of its applications, and would be of little help to
someone interested in the potential of GIS for supporting
global scale research. In terms of its functions, a GIS is
a system for input, storage, analysis and output of

. geographical data, and it is generally accepted that of those,

analysis is the most important. Very generally, a GIS may be
described as a system for support of geographically based
decisions, or a 'Spatial Decision Support System' (Cowen
1988). Again, these terms are likely of 1little help in
evaluating the usefulness of GIS as an enabling technology for
global scale environmental research. GIs finds uses in
management of geographically distributed facilities, analysis
and modeling of geographical data, manipulation of information
for making maps, and management of natural resources - in
other words, its development as a technology likely has had
little to do to date with environmental modeling as such.

Like any information system, a GIS combines a database with
a set of procedures or algorithms that operate on the
database. Because of the geographical nature of the data, the
input and output subsystems must be unusually elaborate, and
must rely on specialized graphics hardware such as plotters,
digitizers and scanners. Historically, the development of GIS
has been to some extent constrained by the availability of
suitable specialized hardware. At the same time the database
itself must be structured to handle the complications of
geographical data. Data modeling, or the process by which the
real world is measured and captured in discrete database
records, is particularly difficult for geographical data and
has been the subject of much research and development effort.
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.mwsmww<, the design of efficient algorithms for standard

i i to be a major
raphical operations has also proven
Mwwmwmwom\ exacerbated by the very large volume of much
geographical data, particularly imagery.

n been seen as a valuable tool mow scientific
HmemHmm..HMwuNM| o%me: 'enabling technology' for a wide range of
disciplines (for example see Zubrow, Allen and Green 1990 for
a discussion of GIS applications in archaeology). We use the
term 'spatial analysis' to describe a set of techniques for
analyzing geographic data - ﬁmQSSHQﬁmm whose results mnm.:on
invariant under changes in the Hoawﬁwmzm of the observations
being analyzed. Under this Qmmw:wwHos many Eommwm and
techniques of analysis are not spatial - changes in the
locations of observations will not normally mmwmnw the outcome
of a regression analysis. Thus while the statistical packages
(e.g. S, SPSS, SAS) exist to support a £mmm range of
statistical analyses, GIS can be seen as mxwmﬂwam to mchOHn
spatial analysis. In essence, a GIS provides a geographical
perspective on information.

The GIS industry is currently enjoying a period of dramatic
expansion, and growth rates of over 20% are often wmﬁonﬁmn.
However it is clear that the reason for much of H:HM @ﬁoswr
has little to do with the application hm GIS as a mowm:ﬂpwwn
tool, or to environmental modeling in particular. While
numerous universities have developed GIS courses (Morgan 1987)
and invested in GIS hardware .m:m software, sales to
governments, utilities, the military and resource-based
corporations for information management vastly exceed sales
for scientific research. In recent years much @m<mwovam:ﬂ
effort in the GIS software industry has gone into pdmonsmmpos
management-related nmvmcwwwnwmm. and relatively 1little into
spatial analysis and modeling.

The purpose of this paper is to offer a mmﬂwmm of
reflections on the current state of GIS applications in
environmental modeling, with particular reference to global
scales. It looks in detail at the assumptions that would lie
behind an enthusiastic endorsement of GIS. The first section
discusses the vital issue of data anmpwsm..QOGGmHmm current
GIS data models, and asks whether ncﬂﬂm:w thinking on GIS data
models can inform the modeling of m=<$ﬂossw=nmw processes.
The second section looks at GIS functionality, and at the
functional requirements of environmental aoamwpsm~ w:& asks
what functions GIS should be expected to perform in this set

of applications.

GIS DATA MODELS

Standard models

[eAS=3 LS A B At

Many geographical distributions, such as those of soil
variables, are inherently complex, revealing more information
at higher spatial resolution apparently swﬁsoaﬁ .H+swn
(Mandelbrot 1982). Because a computer database is a finite,
discrete store, it is necessary to sample, abstract,
generalize or otherwise compress information. ‘Geographical
data modeling' is the process of discretization that converts
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complex geographical reality into a finite number of database
records or ‘'objects'. Objects have geographical expression
as points, lines or areas, and also possess descriptive
attributes. For example, the process of sampling weather-
related geographic variables such as atmospheric pressure at
weather stations creates point objects and associated measured
attributes.

GIS technology recognizes two distinct modeling problems,
depending on the nature of the distributions being captured.
When the distributions in reality are spatially continuous
functions or 'fields', such as atmospheric pressure or soil
class,, the database objects are creations of the data modeling
process. The set of objects representing the variation of a
single variable are termed a 'layer', and the associated
models are 'layer models'. However there are numerous
instances where the database objects are defined a priori,
rather than as part of the modeling process. The object 'Lake
Ontario' is meaningful in itself, and has an identity that is
independent of any discretization of a binary water/land
variable over North America. We refer to these as 'object
models'. In a layer model every location by definition has
a single value of the relevant variable, whereas in the object
model there would be no particular problem in allowing a
location to be simultaneously occupied by more than one
object. For example the 'Bay of Quinte' is also in 'Lake
Ontario'. The term ‘'planar enforcement' is often used to
reflect the fact that objects in a layer model may not
overlap; planar enforcement clearly is not relevant to the
object models.

A major difficulty arises in the case of the object models
when a well-defined object has no equally well-defined
location. For example, the spatial extent of Lake Ontario
would most 1likely be defined by some notion of average
elevation, but this is not helpful in deciding when Lake
ontario ends and the St Lawrence River begins. Many
geographical objects have inherently fuzzy spatial extents.
One common solution to this problem is to allow objects to
have 'multiple representations' - spatial extents that vary
with scale. A river, for example, might be a single line at
scales smaller than 1:50,000, but a double line at 1larger
scales. Both geometric and topological expression vary in
this case as the object changes from line to area.

The layer models

The purpose of layer models is to represent the spatial
variation of a single variable using a collection of discrete
objects. A spatial database may contain many layers, each
able in principle to return the value of one variable at any
location (x,y) in response to a query. Because information
is lost in modeling, the value returned may not agree with
observation or with the result of a ground check, so accuracy
is an important criterion in choosing between alternative data
models. We define the accuracy of a layer as E(z - N.v~ where
z is the true value of the variable, as determined by ground
check, and z' 1is its estimated value returned from the
database. Note that z may be inherently uncertain because of
definition or repeated measurement problems.
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six layer models are in common use in GIS:

ing: tains a set of

lar point sampling: the database con :
H.MMMMMM Ax.w~uv representing sampled values of ﬂjm variable
at a finite set of irregularly spaced locations (e.g.

weather station data).

i ing: i ints regularly
. lar point sampling: as (1) but with poin .
2 Mmmw<mm~v:owamwpw on a square or rectangular grid (e.g. a
Digital Elevation Model).

i t of lines, each

. Contours: the database contains a se > ;
? consisting of an ordered set of <X,y> pairs, each line
having an associated z <mH:mn.nvm points w:.m@n: set are
assumed connected by straight lines (e.g. digitized contour

data) .

: the area is partitioned into a set of polygons,
A.mewoﬂﬂwd every location falls into exactly one wow<mmnn
each polygon has a value SSMOJ is assumed to be that of the
variable for all locations within the polygon; Uonsnmﬁwmm
of polygons are described as ordered sets of <x,y> pairs

(e.g. the soil map).

id: i iti into regular grid
. Cell rid: the area 1is partitioned in
° nmwwmmmﬁwm value attached to every om&w is wmmramn to UM
the value of the variable for all locations within the cel

(e.g. remotely sensed imagery).

i : i iti into irregular

. angular net: the area is mmﬂﬂwﬁwo:ma into
¢ MMwmswwmm“ the value of the variable is MmeHMpmm at each
triangle vertex, and assumed to vary linearly over the
triangle (e.g. the Triangulated Irregular Network or TIN

model of elevation).

ibiliti i lar net (6) with non-
Other possibilities, such mm.nsm ﬁﬂwm:oc.
Hwnmmnw variation £Wﬂ=w= triangles (Akima 1978), have not
received much attention in GIS to date.

f the six models can be visualized as generating a
m@%w“%uwwsﬁm. lines or areas in the database. Models (2) N:M
(5) are commonly called ‘raster' models, and (1), (3), (4) m:
(6) are 'vector' models (Peuquet Mmmpvu mnowwow structures %ﬂ
vector models must include coordinates, but p:.Hmman aoamwm
locations can be implied by the sequence of objects. Models
(3) and (6) are valid only for variables measured on

continuous scales.

e 4 5) and (6) explicitly define the value of the
<NMMMWM% %nvm=% Woomﬁwos within the area no<mﬁm&. :osm<MH
this is not true of models (1), (2) and (3), which must be
supplemented by some method of spatial interpolation Ummwﬂm
they can be used to respond to m.@m:mﬂwu query about ﬁ:m.<m ue
of z at some arbitrary Hoomﬁwo:u For mxmaﬁ~m~. this is
commonly done in- the case of continuous-scaled variables in
model (2) by fitting a plane to a small 2x2 or wwxu
neighborhood. However this need for a spatial w:ﬁmﬂvowm ion
procedure tends to confound attempts to generalize about the
value of models (1), (2) and (3).

120

In practice, model (6) is reserved for elevation data,
where its linear facets and breaks of slope along triangle
edges fit well with many naturally occurring topographies
(Mark 1979). It would make 1little sense as a means of
representing other variables, such as atmospheric pressure,
since curvature is either zero (within triangles) or undefined
(on triangle edges) in the model. Models (2) and (4) are
frequently confused in practice, since the distinction between
point samples and area averages is often unimportant. Models
(1) and (3) are commonly encountered because of the use of
point sampling in data collection and the abundance of maps
showing contours respectively, but are most often converted
to models (2), (4), (5) or (6) for storage and analysis. The
ability to convert between data models, wusing various
algorithms, is a key requirement of GIS functionality.

object models

Objects are modeled as points, lines or areas, and many
implementations make no distinction in the database between
object and layer models. Thus a set of lines may represent
contours (layer model) or roads (object model), both
consisting of ordered sets of <X,y> pairs and associated
attributes, although the implications of intersection, for
example, are very different in the two cases.

Object models are commonly used to represent man-made
facilities. An underground pipe, for example, is more
naturally represented as a linear object than as a value in
a layer. Pipes can cross eachother in object models, whereas
this would cause problems in a layer model. Most man-made
facilities are well-defined, so the problems of fuzziness
noted earlier are likely not important. Another common use
of object models is in capturing features from maps.

Object models are also commonly used to capture aspects of
human experience. The concept ‘'downtown! may be very
important in building a database for vehicle routing or
navigation, forcing the database designer to confront the
issue of its representation as a geographical object. 1In an
environmental context, McGranaghan (198%a,b) has shown how
this issue is important in handling the geographical
referrents used in herbarium records.

Finally, object models can be conceptualized as the outcome
of simple scientific categorization. The piecewise
approximation inherent in layer model (4) assigns locations
to a set of discrete regions, in the geographical equivalent
of the process of classification. In geomorphology, the first
step in building an understanding of the processes that formed
a given landscape is often the identification of 'landforms'
or 'features', such as 'cirque' or ‘'drumlin’. Band (198s6),
among others, has devised algorithms for detecting such
objects from other data. Mark (1989) has discussed the
importance of categories in the GIS context, and there is
growing interest in understanding the process of object
definition and its effects. For most purposes, environmental
data modeling is dominated by the layer view, and its concept
of spatially continuous variables. It may even be possible
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to go so far as to state that object models have no place in
the modeling of environmental processes. But the object view
is clearly important, particularly 1in interpreting and
reasoning about geographical distributions.

Netwoxk wmodels

Both layer and object models have been presented here as
models of two-dimensional variation. An important class of
geographic information describes continuous %mﬂwmﬂwﬁs over the
one-dimensional space of a network embedded HS.ﬁtOlawam:mwouwH
space. For example, elevation, flow, width and other
parameters vary continuously over a ww<mn network, and are not
well represented as homogeneous mnnﬂpvcﬁmﬂ of reaches. .:oamwm
(1), (2), (4), (5) and (6) can all be Hsvwm%m:ﬂm@ in one-
dimensional versions, but none are supported in this form in
any current GIS.

Choosing data models

In principle, the choice of data model should be driven by
an understanding of the phenomenon itself. For example, a TIN
model will be an appropriate choice for representing
topography if the earth's surface is accurately modeled by
planar facets. Unfortunately other UHPOHpﬂme also mmmwon the
choice of model. The process of data collection often imposes
a discretization, the photographic image being a notable
exception. The limitations of the database technology may
impose a data model, as for example when a 'raster' GIS 1is
used and the choices are therefore reduced to layer soawwm (2)
and (4), or when a 'vector' GIS is used and m.omwp grid must
be represented as polygons. Finally 00:<mjﬁwo= can also be
important, particularly in the use of certain data models to
show geographic variation on maps. For example, digitized
contours are used in spatial databases not because of any
particular efficiency - in fact accuracy in a layer sense is
particularly poor - but because of convention in topographic

map-making.

Relationships

A digital store populated by spatial objects - v0w=ﬁm.
lines and areas - would allow the user to display, edit or
move objects, much as a computer-aided design Aﬂ>cv m%mwma.
However spatial analysis relies heavily on interactions
between objects, of three main forms:

. relationships between simple objects, used to define
more complex objects (e.g. the relationships between
the points forming a line);

. relationships between objects defined by their
geometry (e.g. containment, adjacency, connectedness,
proximity); and

. other relationships used in modeling and analysis.
Examples of the third category of relationships not determined

by geometry alone include 'is upstream of' (connectedness
would not be sufficient to establish direction of flow, and

122

a sink and a spring may not be connected by any database
object). In general, a variety of forms of interaction may
exist between the objects in the database. 1In order to model
these, it is important that the database implement the concept
of an 'object pair', a virtual object which may have no
geographical expression but may nevertheless have attributes
such as distance, or volume of flow.

Recent trends in data modeling

Recently there has been much discussion in the GIS
community over the value of 'object orientation', a generic
term for a set of concepts that have emerged from theoretical
computer science (see for example Egenhofer and Frank
1988a,b). Unfortunately the debate has been confused by the
established usages of 'object' in GIS, both in the sense of
'spatial object' as a point, line or area entity in a
database, and also ‘'object model' as defined here.

Three concepts seem particularly relevant. 'Identity!
refers to the notion that an object can possess identity that
is largely independent of its instantaneous expression, with
obvious relevance to the independence of object identity and
geographic expression in GIS. 'Encapsulation' refers to the
notion that the operations that are possible on an object
should be packaged with the object itself in the database,
rather than stored or implemented independently. This has
interesting implications for the modeling of distributed
systems. Finally, 'inheritance' refers to the notion that an
object can inherit properties of its parents, or perhaps its
component parts. As a geographical example, the object
'tairport' should have access to its component objects -~
runway, hangar, terminal ~ each of which is a spatial object
in its own right.

Of the three concepts, inheritance seems the most clearly
relevant, particularly in the context of complex objects, and
in tracking the lineage of empirical data. It seens
increasingly important in the 1litigious environment which
surrounds many GIS applications to track the origins and
quality of every data item.

Encapsulation seems to present the greatest problems for
modeling using GIS. 1In a modeling context, the operations
that are permissible on an object are defined by the model,
and are therefore not necessarily treatable as independent
attributes of the object. This issue seems particularly
important in the context of the discussion of object
orientation in location/allocation modeling by Armstrong,
Densham and Bennett (1989). For example, one can rewrite the
shortest path problem by treating each node in the network as
a local processor, making it possible to encapsulate the
operations of a node with the object itself. It is possible
that this process of rewriting may lead to useful insights in
other models as well.

A related debate is that over procedural and declarative

Hm=a¢momm" a user should be able to declare ‘'what' is

required (declarative), and not have to specify 'how' it

should be done (procedural). But are these largely
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i i i i they imply that
tinguishable in a modeling context, and do h
MWM mommpmn should somehow surrender control of the modeling

process to the programmer?

f data models in environmental analysis and
Eo%Wﬂw:MOWM MM@N&H% complex. zo&mum £Hwﬂnm=.»: continuous
space, using differential equations, are independent of
discretization. But for all practical purposes Bomewsa
requires the use of one or more of the data Eonopm mcmnmufc;
here. Perhaps the greatest advantage of GIS is its ability
to handle multiple models, and to convert data between them.

FUNCTIONALITY FOR ENVIRONMENTAL MODELING

statistical packages are integrated mOmﬂsmHm systems
mOM:MWHmOHEM:Q a wide variety of forms of analysis on Qmww.
By analogy, we might expect GIS to waﬁmoﬁwﬂm all reasona mm
forms of spatial analysis. However this has not yet happened,
for several reasons. First, £=wwm.ﬁsm m:mwoax between the wﬂo
systems may be valid, there are wavonﬁm:m differences. M:m
statistical packages support only one basic data model - M
table -~ with one class of records, whereas GIS scmn mcuvowm
a variety of models with many classes 0% ovaonmm Mmm
relationships between them. Much of the functionality o s
must therefore be devoted to supporting basic 501mwwmmww:a M”
transformation functions that would be trivial in e

statistical packages.

atial databases tend to be large, and Q»wmwmcwﬂ
mE%mMMMMmmM%m to create. While many users of mamﬂPMﬂpomH
packages input data directly from the keyboard, WMS HM
virtually impossible to do anything useful with a GIS wi MM
devoting major effort to database construction. Recently
there have been significant improvements in this situation,
with the development of improved scanner and editing

technology.

ird, while there is a strong consensus on the basic
mwmﬂwﬂﬁm of statistical analysis, the same is not as true of
spatial analysis. The literature contains an m:owaocm wamm
of techniques (for examples see mmwnw 1982; Unwin 1981; Upton
and Fingleton 1985), few of which could be regarded as

standard.

Because of these issues and the Qw<mnmwm< of mmﬂm soamwm.
GIS has developed as a loose consortium, 4Hﬁ= little
standardization. While ESRI's ARC/INFO and TYDAC's SPANS are
among the most developed of ﬁJm analytically-oriented
packages, they represent very aum%mﬂmSﬁ approaches and
architectures. BAmong the most essential features to support

environmental modeling are:

. support for efficient methods of data input, including
import from other digital systems;

. support for alternative data models, ﬁmﬂﬁwn:Hmﬂww
layer models, and conversions vmﬁsmmd them wusing
effective methods of spatial interpolation;
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. ability to compute relationships between objects based
on geometry (e.g. intersection, inclusion, adjacency),
and to handle attributes of pairs of objects;

. ability to carry out a range of standard geometric
operations, e.g. calculate area, perimeter length;

. ability to generate new objects on requesat, inctuding
objects  coreated by simple geometric rules from
existing objects, e.g. Voronoi polygons from points,
buffer zones from lines;

. ability to assign new attributes to objects based on
existing attributes and complex arithmetic and logical
rules;

° support for transfer of data to and from analytic and
modeling packages, e.g. statistical packages,
simulation packages.

Because of the enormous range of possible forms of spatial
analysis, it is clearly absurd to conceive of a GIS as a
system to integrate all techniques, in contrast to the
statistical packages. The last requirement above proposes
that GIS should handle only the basic data input,
transformatioh, management and manipulation functions, leaving
more specific and complex modeling to 1loosely coupled
packages. Whereas the statistical packages are viable because
they present all statistical techniques in one consistent,
readily accessible format, GIS is viable for environmental
modeling because it provides the underlying support for
handling geographical data, and the 'hooks' needed to move
data to and from modeling packages.

The argument that GIS is a technological tool for the
support of science is widely accepted, and reflected in
applications from archaeology to epidemiology. Geography
provides a very powerful way of organizing and exploring data,
but the map has lagged far behind the table and graph because
early generations of scientific computing tools made it so
difficult to handle. GIS has finally provided the
breakthrough, although it remains far from perfect. If we
were to draw an analogy between GIS and statistical software,
which began to emerge in the 1960s, then the current state of
GIS development is probably equivalent to the state of the
statistical packages around 1970. But GIS and statistics are
ultimately very complementary sets of tools, both capable of
supporting an enormous range of scientific inquiry.

To date, the major success of GIS has been in capturing and
inventorying the features of the earth's surface, particularly
as represented on maps, and in supporting simple queries.
There has been much less success in making effective use of
GIS's capabilities for more sophisticated analysis and
modeling. It is hard to find examples of insights gained
through the use of GIS, or discoveries made about the real
world. 1In part this comment is unfair, because such insights
would be next to impossible to document. Tn part the reason
is commercial - the market for GIS as an information
management tool is far larger than that for spatial analysis,
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and vendors have invested relatively little in developing and

promoting analytic and modeling capabilities. And although
GIS is a major improvement, it is still difficult to collect,
display and analyze data in geographical perspective.
Finally, Couclelis (1991) has made the point that the current
generation of GIS concentrates on a static view of a space
occupied by passive objects, and offers little in support of
the analysis of dynamic interactions.

GIS is a rapidly developing technology for handling,
analyzing and modeling geographic information. To those
sciences that deal with geographic information it offers an
integrated approach to data handling problems, which are often
severe. The needs of global environmental modeling are best
handled not by integrating all forms of geographic analysis
into one GIS package, but by providing appropriate linkages
and hooks to allow software components to act in a federation.
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