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Beginning with the premise that environmental science disciplines have
traditionally used conceptual spatial models which are different both from those
used in other disciplines and from those provided by the digital data models of
current GIS, a consideration of the fundamental role that phenomena which vary
continuously across space play in environmental models suggests that continuity
may provide an essential unifying theme. This in turn may provide an important
basis for the design of interoperable GIS for environmental modeling purposes.
Issues arising from a fundament assumption of continuity and themes for
continued research are raised.

INTRODUCTION

The increasingly sophisticated tools for spatial modeling and analysis
provided by today’s GIS are now leading to a revolution in environmental
modeling, one which encourages scientists to incorporate spatial processes and
relationships in their models. However, the driving force for the design of most
widely used GIS packages has not been environmental science. As a result,
translation of the unique spatial concepts and models which have evolved
independent of GIS in the various environmental sciences is not always obvious
or without misapplication. Some effort has been directed recently to the
development of software interfaces which will permit translation of generic
spatial models such as “field” into the standard data models provided by today’s
GISs (cf Laurini and Pariente 1996; Vckovski and Bucher 1996). Likewise, the
relationship between the real world and how it is represented in GIS has also
been the subject of discussion (Burrough and Frank 1995; Couclelis 1992;
Csillag 1996; Goodchild 1992; Goodchild 1993; Kemp 1996a; Kemp 1996b;
Nyerges 1991; Peuquet 1990). However, these advances have yet to fully
address the specific needs of individual environmental scientists as they attempt
to make use of spatial information and the new spatial technologies.
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This premise behind the research outlined here is that traditional (pre-GIS)
approaches used by various environmental modeling disciplines to represent the
spatial extents of their phenomena of interest and to implement the interactions
between them differ from each other and from those provided by GIS. By
examining the underlying bases which led to the development of these discipline
specific representations, it should be possible to determine which are the critical
aspects needing particular attention in GIS/modeling interfaces. The somewhat
surprising conclusion that there may, in fact, be more similarities than
differences in how environmental modelers conceptualize space points at a
potential basis for true integration of environmental models and GIS.

The following paper documents a preliminary study carried out through in-
depth interviews with a range of scientists building or implementing
environmental models. The opportunity for this study was provided during a
brief sabbatical visit to the Australian National University and CSIRO, both in
Canberra, Australia, during October 1996.

PRELIMINARY PREMISES

The following four premises formed the initial basis for the study. A later
section explains how these ideas have since been modified as a result of the
interviews. The term “conceptual spatial model” refers to the analog models
used to constrain or inform data collection activities and/or used during the
conceptualization of process models.

1. The conceptual spatial models used by environmental modelers differ in
significant ways from the spatial data models provided in current GI
systems. Simple mappings between these models are not currently
possible. This implies that environmental modelers generally must
modify their models in order to use GIS. This is sometimes difficult and
may result in incorrect use of available data and misinterpretation of
model results.

2. The objects of study, traditional sampling designs and modeling
techniques used by individual environmental science disciplines lead to
discipline specific conceptual spatial models. These conceptual spatial
models vary significantly between disciplines. Thus, there are
significant differences in how different sciences discretize space, sample
spatially distributed phenomena and extrapolate from their discrete
samples to the phenomena being studied.

3. However, it is possible to deconstruct these differences such that the
fundamental common characteristics of conceptual spatial models can
be identified and measured.
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4. These characteristics can be used to develop interoperable interfaces,
data models or other elements of GI systems which will enable
environmental modelers to use them more efficiently.

In order to find support for these premises and to set the basis for activities
related to the fourth item above, the following steps were planned.

1. Describe and characterize conceptual spatial models used by
environmental modelers for data collection and for model development

2. Using this information, devise direct mappings between these
conceptual spatial models and digital spatial models.

3. Using these mappings, outline some improvements to the design of new
interfaces, data models and/or other GIS components in order to
improve the efficiency with which environmental modelers can use GIS
and to assist in the development of interoperable components for GIS .

CONCLUSIONS ABOUT THE PREMISES

Premise 1: The conceptual spatial models used by environmental modelers
differ in significant ways from the spatial data models provided in current
GI systems.

By definition, environmental models are environmentally determined. Thus
since many environmental phenomena are fields (phenomena for which a value
exists at all locations and which may vary continuously across space),
environmental models are fundamentally continuous. Hence, environmental
modelers generally have a continuous view of the world. There are several data
models for representing fields in GIS (including cellgrids, planar enforced
polygons, TINs, contour lines, pointgrids and irregular points). Methods for
manipulating data in these data models are widespread and robust. For
example, watershed models which model the flow of water across surfaces are
often implemented as finite element solutions (where finite elements are
expressed in GIS as polygons). Ground water models likewise often use
gridded finite element structures (where finite elements are stored as cellgrids).
Therefore, it may be concluded that the discrete digital data models provided by
GIS do not present conceptual problems to the modelers.

Premise 2: The objects of study, traditional sampling designs and modeling
techniques used by individual environmental science disciplines lead to

discipline specific conceptual spatial models.

If environmental modelers generally do perceive their phenomena as
continuous or see their phenomena as being environmentally determined, then
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their conceptual spatial models do not vary significantly between disciplines
when analysis depends on a context of the continuous environment. However,
the objects of study do vary from superimposed continuously varying
phenomena (such as pressure and temperature surfaces in climatology), to
objects embedded in continuous matrices (such as faults and intrusions in
structural geology), to independent objects (such as individual mammals in
wildlife biology). On the other hand, environmental determinism is a
fundamental principle in the prediction of the occurrences of many of the
phenomena and so they can all be seen to exist within a continuous matrix or at
least on a continuous probability surface. Thus, again, continuity provides a
common context.

In some sciences, traditional data collection and representation techniques
have relied on the discretization of both space and the phenomena being studied.
This is particularly true in soil science, geology and vegetation ecology. In
these cases, data collection requires experts who interpret the environmental
clues, some of them unspecified and unmeasureable, and make conclusions
about the distribution of classes of the phenomenon being mapped. The data
which is ultimately recorded (i.e. mapped) is not the fundamental observed
phenomena, but an inferred classification. An assumption of continuous change
across space in the class of the phenomenon does not exist in these data
collections.

However, it has long been recognized that this assumption of discontinuity,
of homogeneous regions with distinct boundaries, in disciplines such as soils or
vegetation science is invalid (cf. Burrough et al. 1977; Maclntosh 1967). These
phenomena which are strongly influenced by environmental gradients do vary
significantly over space. For many environmental modeling purposes, classified
data collection techniques do not result in satisfactory digital records of the
phenomena. They do not match the scientists’ conceptual models of their
phenomena.

Fortunately, the ability to store and manipulate large spatial data bases and
the powerful new spatial technologies have begun to allow environmental
modelers to move the digital representations closer to these continuous
conceptual models. At several different locations, researchers are now working
to develop models of soil formation and vegetation growth which are based on
continuous environmental determinants such as elevation and rainfall (see for
example Burrough et al. 1992; Gessler et al. 1996; Kavouras 1996; Lees 1996;
Mackey 1996). These environmental models allow soils or vegetation to be
described by a number of different parameters, and, only when necessary,
classified accordingly. Classes can be extracted for any set of criteria using
various statistical techniques.
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If these newest efforts to model soils and vegetation on continuous bases
are successful, as seems likely, the contention that significant conceptual
differences do not exist between the different sciences themselves becomes even
more well founded. However, significant differences do still exist, but these
come between the conceptual models of the environmental scientists and those
of the environmental managers for whom the models are often developed
(Burrough and Frank 1995; Couclelis 1996). At the management end of
modeling applications, continuous results are often too difficult to integrate
conceptually, particularly when there are several environmental gradients
involved. Classification allows many different factors to be summarized and
understood conceptually, though not necessarily analytically.

Premise 3: It is possible to deconstruct these differences such that the
fundamental common characteristics of conceptual spatial models can be
identified and measured.

As the above discussion has asserted, there are no fundamental differences
in conceptual models between environmental science disciplines. Thus,
environmental phenomena as continuous fields, in some cases with embedded
objects, may provide the unifying theme, the fundamental common
characteristic.

However, this does not mean everything will need to be represented as
continuous fields. It is possible to conceive of and model a continuous
environment composed of homogeneous discrete units such as watersheds. It is
generally accepted that if the processes being studied operate at a regional scale,
subregional size areas below this scale, such as small watersheds, provide
sufficient variation for the modeling effort. This, in fact, is the basic premise of
the finite element models so widely used in watershed modeling (Vieux et al.
1990). This permits an assumption of homogeneity even within a continuous
context and suggests that further consideration should be given to the issue of
scale and its relationship to classified continuous phenomena.

Premise 4: These characteristics can be used to develop interoperable
interfaces, data models or other elements of GI systems which will enable
environmental modelers to use them more efficiently.

Interoperability works best when based on a common conceptual reality.
Objects and phenomena should be conceptualized within their physical
environment and their attributes and relationships expressed in ways which
allow interfaces to translate these generic qualities into system specific values.
This means that if reality forms the central interface between different
environmental models and spatial databases, all data can be passed through the
interface, conceptually returning it to its expression in the physical environment
before it is redefined as required for specific software.
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Some effort has been directed at itemizing these generic qualities of the
physical environment which we seek to model (Burrough and Frank 1995;
Couclelis 1996). Methods for quantifying these characteristics are the subject of
further research by this author. It is possible to conceive of a software product
which would assist environmental scientists and managers to identify and
measure the critical characteristics of the environment which determine how it
will be modeled and to understand and express the spatial and aspatial
components relative to their problems. Such a product might, for example,
construct objects (in an OO sense) ready for computation.

ISSUES

These conclusions suggest a number of critical issues which need to be
addressed if a functional link between conceptual models and GIS data models
can be found.

Is continuity, possibly with embedded objects, “the” conceptual model for
environmental modelers?

Do all environmental sciences work in the continuous model? Is geology
fundamentally different given that there are discrete geologic objects within
continuous matrices as well as continuously varying rock bodies which are
discontinuous at boundaries? Can a conceptual temporal model be used to
combine and explain intersecting lithologies?

The need for classification remains.

What is the role of classification in sciences with continuous views of their
phenomena? Is the need to classify during data collection now unnecessary
given current computing power and massive digital storage? What do
boundaries mean in the environmental sciences? How do boundaries based on
varying criteria affect ecological theory? Does the identification and study of
pattern require classification? Must we eventually classify in order to
understand?

Classification is a scale issue.
How does scale affect our ability to conceptualize continuous phenomena

using discrete representations? Can varying process scales be integrated by
using a continuous conceptual model of the phenomena?
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Do managers need different spatial models?

Is there a difference between modeling for prediction versus modeling for
description and/or management? Do managers need a more discrete (i.e.
classified) view of space or do we simply need to educate managers to work
with data in forms other than classified maps?

Expert knowledge plays a major role in the understanding and modeling of
environmental systems.

How is expert knowledge incorporated into models of processes? What
role does it play in classification and data collection? How can we be explicit
about the incorporation of expert knowledge in data collection and modeling
activities? Can modelers replace or simulate the expert knowledge of the field
scientists?

Conceptual temporal models also need to be addressed.

Which sciences assume change and which are static? Historical and
episodic events affect the environment but these cannot be represented or
modeled well. This is also a scale issue. What about continuity in time? Can
space be substituted for time or vice versa (e.g. succession demonstrated by
going up an elevation gradient or astrophysical location equating with time)?

Can models be usefully classified as either spatial or aspatial?

Is there a significant difference? Are aspatial models just spatial models at
regional scales in which spatial heterogeneity is not relevant at large process
scales? How do aspatial models and aspatial data incorporate space? How is
space despatialized for aspatial modeling and data collection? How do aspatial
models represent changes which have an impact over space?

CONCLUSION

Powerful new tools and paradigm changes are leading to a revolution in
environmental modeling. The opportunity to build models which represent
continuous variation across the landscape are changing the ways in which we
gather data and describe the environment. These in turn provide greater
opportunity to provide case-specific information for environmental managers.
Much work remains to be done. The results of this preliminary study will
inform further detailed research into conceptual spatial models and continuity as
an integrating medium. Further work on this theme will be incorporated into
efforts related to NCGIA’s new research initiative on Interoperating GISs.
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