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Abstract.
The few existing taxonomies of analytical GIS operations are limited either by the data

structure that they are based on - or by the scope of applications for which they had been de-
veloped. They are not formalized and do not attempt to be truly universal. This paper tackles
these deficiencies with a user survey to determine user expectations of a GIS' functionality. The
result is a list of only 20 universal analytical GIS operations that allow to build all but the most
exotic GIS applications.

1.  Introduction
Current Geographic Information Systems (GIS) are so difficult to use that it takes some ex-

pertise to handle them, and it is not unusual to assess a whole year until an operator masters a
GIS. This is especially cumbersome for cursory users that employ GIS as one tool among many
others.

This paper presents a universal framework of spatial analytical operations that can be applied
regardless of the structure of the data to be analyzed. Since no such classification exists up to
now, this is a contribution to general geographical information science.

It is possible to perform most GIS analyses with a set of only 20 universal operations. Further
analytical functionality can be achieved by combinations of those universal operations. All
operations are defined from a user perspective rather than an abstract technical one. Their func-
tion is readily apprehended by any spatially aware person; they do not require any knowledge
about abstract spatial concepts. The universal applicability of these operations is ensured by
having them based on the latest Open Geodata Interoperability Services (OGIS) and Spatial
Archives Interchange Format (SAIF) technical references. Sample applications of the Virtual
GIS (VGIS) system, which is based on universal GIS operations, reveal the advantages for a
spatial modeling environment. It provides the means to concentrate on the analytical process
instead of having to cope with the intricacies of current GIS.

Section 2 provides the setting of this paper. It contrasts traditional definitions of GIS with a
process-oriented view. GIS usage is differentiated according to the level of expertise and it is
shown how much it is currently determined by the not content-related data structures. This
section also provides an overview to prospective GIS developments based on trends in software
engineering. Section 3 starts out with an overview to traditional taxonomies of GIS operations. It
reveals the minor role of analytic functionality in current systems and compares the delivered
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functionality with the results of a survey of user requirements. The latter are analyzed and
reduced to a small set of universal analytic GIS operations.

Since the focus of this paper is on the definition of GIS operations, only a simplified version
of the Virtual Geodata Model (OGF 1993) is used in section 4 to lay grounds for the description
of universal GIS operations in section 5.

Some of the issues that are pertinent in current GIS research have not been addressed. There
is no discussion of possibly additional needs for true 3-D applications, nor for temporal issues.
Although the data structures given in section 4 accommodate for both, and the operations
defined in section 5 are "aware" of the third and the temporal dimension, the author does not rule
out that there might be the need for additional operations to satisfy all requirements.

2.  Background

Text books definitions on the subject of GIS reflect the disciplinary background of the
authors. GIS is just in the stage of becoming a discipline in its own (Goodchild 1992a, Ehlers
1993) with input from such diverse fields as geodesy, cartography, surveying, photogrammetry,
civil engineering, geography, (urban) planning, computer science, information theory, computer
aided design, computer graphics, remote sensing, image processing, mathematics, and statistics.

One of the significant differences between GIS and an automated mapping system is the
ability to perform analyses in GIS (Burrough 1986, Goodchild 1987b). Present GIS have so-
phisticated functions for the capture, editing, query and display of spatial information, yet these
systems have limited capabilities to perform spatial analysis and modeling (Goodchild 1987a,
Rhind 1988, Densham and Goodchild 1989). With the growth of GIS applications, many GIS
users demand more sophisticated analytical functions in GIS.

To understand how GIS are used to achieve project objectives it is necessary to examine the
functionality that a) has traditionally been offered by the software and b) is expected by the
users. Section 3 (Users' view of GIS functionality) comprises a detailed analysis of the func-
tionality issue.

Although a number of GIS claim to be data structure-independent none really is; they all
show their origin as either raster (grid cell based) or vector systems. This data structure dis-
tinction has dictated differences in analysis functionality. The available set of analysis proce-
dures and the names used for them differ between individual GIS products.

A surprisingly small part of GIS research is devoted to the functionality of GIS. There are
numerous committees (CEN, FGDC, IHO, ISO, OGIS), trying to standardize geodata formats
(SDTS 1992), the lengthy (and somewhat futile) debate between raster and vector advocates has
just subsided, object-oriented data models (Egenhofer and Frank 1992) and the handling of
metadata are hot topics, but no one seems to be interested in trying to define a universal
framework for the methods that deal with the results of this research in data issues. Any devel-
opment of new methods is focused on the extension of current application areas such as land-
scape ecology (McGarigal and Marks 1994), transport and networking (Maguire et al. 1993), or
climate modeling (Schimmel and Burke 1993).

The last attempt to analyze the underlying spatial principles of all GIS operations was Tom-
lin's (1990) Map Algebra. This is an impressive feat, its applicability has been proven by the
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adoption of its functionality in most major GIS products (Microstation raster module, Arc/Info-
GRID, GRASS mapcalc). However, it lacks two serious drawbacks. One, it is restricted to raster
GIS (even though Tomlin himself claimed the Map Algebra to be universal, all his examples are
in raster and implementations of cartographic modeling principles in a vector, or object-based
environment are yet to come). Two, word monsters consisting of combinations of range terms
such as 'focal', 'incremental' and 'zonal' with functions like 'partitioning', 'proximity', or
'insularity' are incommensurable for most non-experts. Map Algebra, as valuable as it is, requires
(or at least deserves) a special course and certainly is not the easy way to apprehend GIS.

3. User's view of GIS functionality

Based on a questionnaire, drawn from GIS operation taxonomies in the relevant literature of
the past eight years, Albrecht (1995) analyzed the functionality of GIS from a users' point of
view. In the following, several aggregation schemes are introduced, resulting in a condensed set
of universal analytic GIS operations.

3.1. Comprehensive list of GIS functionality

Functional taxonomies - as they can be found in the relevant literature (Aronoff 1991, Bur-
rough 1992, Goodchild 1992b, de Man 1988, Rhind and Green 1988, Unwin 1990) - represent
rather a developer's view of GIS functionality than that of non-expert users. All (in the broadest
sense) analytic GIS operations mentioned in any of these works are given in Albrecht (1995) and
won't be repeated here. The following notes are a result of various discussions with beginning
students of GIS in Germany and Austria, as well as with colleagues during a number of
international conferences in 1993 and 1994. They were given a list of 144 GIS operations and
then asked to rate their importance. This group of users is certainly not representative; e.g. the
far majority of them were ARC/INFO users with ERDAS and IDRISI ranking second and third.
Most of them did not have experience with more than one GIS. Considering all these constraints,
there are a number of results in this informal survey that can be regarded as being applicable to
the GIS community as a whole and that bear important effects on the subsequent structure of this
paper.

Each of the 144 operations were then screeneds to answer the following two questions: (i)
how does an operation fit into a thematic context, i.e. is an operation similar to another one, and
(ii) how does an operation fit into the workflow, i.e. what needs to be done before that operation
can be executed and what other operation does it lay ground for?  The result is a very complex
net of relations, that is comprehensible only, if transformed to a net of more general tasks
(Albrecht 1995). 'Task', as it is used here, shall describe all actions that require human input or
the knowledge about context, whereas the notion 'function' is used for singular actions or
sequences that can be automated. Tasks are usually composed of functions.

One of the insights gained is that operations occur at a variety of hierarchical levels, pro-
hibiting reduction to the simple goal-task-function hierarchy described by Huxhold (1989). A
parallel phenomena is that a number of operations are essential for some applications while su-
perfluous for others. This reflects the heterogeneity of the user community and can be visualized
by one of many possible views onto the semantic net of GIS operations.
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One rather distressing finding from the answers to the questionnaire was the surprise of most
people interviewed, that this study concentrates on procedures rather than data. They learned to
conceptualize their GIS use in terms of data which is reflected by the sheer amount of data-
related operations as opposed to those that could be attributed with analysis. This is also easy to
understand as the majority of these users spend most of their time with data capturing,
transformation and cleaning (error pruning). Trying to avoid the ESRI nomenclature, these
operations can be described (in sequence of their frequency):

• make a map    • enter data    • select items    • display a map    • classify attribute data

This corresponds with the findings of an analysis of lineage diagrams. Using the GeoLineus
software (Lanter 1994), it can be shown that up to 80% of all GIS commands, issued within a
usual GIS project, are due to data management purposes and do not contribute to the analytic
task. Smith et al. (1994) report similar results.

Conscious conceptualization of tasks seems to be restricted to expert users who formed their
own strategies for the aggregation of elementary functions into work units that they deal with as
if they were single units (Albrecht 1995). These experienced users refer to tasks in a form that
signals implicit knowledge (which corresponds with the findings of cognitive science
(Rumelhart and Ortony 1976, Rasmussen 1986)).

Only really experienced GIS users are able to abstract the technical procedures and refer to
them in form of concepts that are used to guide the application of domain knowledge. Normally,
the analyst will start from the required or desired decision and work toward a representation of
the problem. However, the design flow may return to any of the questions, for example
examining alternative proposed changes, expanding the set of processes under consideration, or
redefining criteria for evaluation. Each of these design flows seem to be centered on a certain
kind of meta-task or goal. These goals are almost to fuzzy to be categorized, but an attempt is
made here to present a preliminary list of such goals. This list shows a high correlation with the
last chapter of Tomlin's 'GIS and Cartographic Modeling' (1990):

INVENTORY Locates, counts, or records items w/o having any implications concerning desirability

RESOURCE Desirable, useful, or limited phenomenon to be conserved or protected

RESTRICTION Constraint that limits the availability, desirability, or location of a target or resource

REFERENCE Provides spatial control or anchor for locating features in other roles

PREDICTION Attribute values correlated with the presence of target phenomena

THREAT Phenomena that may injure, destroy, or have other negative effects

TARGET Desired or valued phenomenon to be found or located

SOLUTION Composite result of analysis, embodies the application of analysis criteria

Finally, one result of this informal survey was the confirmation of the image schemata con-
cept acclaimed in cognitive science. The following relations were affirmed as being either ex-
plicitly or implicitly used: coincide, overlaps, near/far, adjacent, separates/connects, subdivided,
contain, above/below, part-of/consists-of, is-a, has-a, same/different, causes/caused-by, stands-
for, abstracted-to. This list contains most but not all of the image schemata to be described in

Geographic Information Research: transatlantic perspectives. pp. 577-591



(Mark 1989, Golledge 1990, Nyerges 1992). Missing here are 'link', 'center-periphery',
'direction', 'up-down' and 'front-back'.

3.2. Consequences for the design of future GIS user interfaces

Many GIS users possess expert-level knowledge in the application field in which the GIS is to
be utilized, but have neither the time nor desire to learn the technical intricacies of a specific
system (Albrecht 1994). The user's overall goal should not be the mastery of a new system but
more productive interaction with geographic information. An obvious response is to provide a
user interface which alleviates the need for specialized training. This user interface should aim at
enhancing user interaction with geographic information and with geographic problem solving
rather than with systems. Much of the user interface problem is therefore not a programming
problem but a conceptual problem (Mark and Gould 1991). Frank (1993) illustrates the crucial
importance of the user interface for the usability of a GIS with the following lines: "The user
interface is the part of the system with which the user interacts. It is the only part directly seen
and thus 'is' the system for the user."

Modern GIS software is a multidisciplinary tool that must allow for interdisciplinary support
and is expected to be able to integrate a variety of different data sources. These data sources will
be used in many ways and under a wide range of decision support situations. To meet these
demands, a user interface is required whose generic functional model consists of a small set of
universal GIS operations that allow for the automatic construction of a domain or task specific
derived model. It would act as a shell based on a high level language consisting of spatial
operators that have definable hierarchical constructs. These spatial operators can be organized
following a programmable schema that allow them to generate the derived model. The core of
such a shell, however, would be the generic functional model. Section 6 will introduce the
Virtual GIS (VGIS) project which aims at implementing the above mentioned ideas.

3.3. Derivation of a set of universal GIS operations

The analysis of current user interfaces provides a good opportunity to study different ap-
proaches to the categorization of GIS functionality. Again, most operations serve non-analytical
means and are therefore not of concern to this study. Using the metatasks depicted above as a
guideline, a few functional groups can be derived.. All systems offering special operations for
that particular application, assist the user with headings such as 'terrain analysis' or 'neighbor-
hood'.

In an analysis of the categorization schemes used in 'Map Algebra' and related classifications,
Schenkelaars (1994) scrutinized the kind of queries that are necessary to build a spatial
analytical query language. His approach can be used to differentiate between a user's and a de-
veloper's view of GIS functionality.

A large number of these operations (such as sliver line removal or coordinate thinning) do not
make much sense to the average user, or are regarded as a nuisance. Others, (such as 'line-of-
sight' and 'viewshed analysis') are either synonymous or at least part of another and therefore
confuse an occasional user. This does not mean that those with more experience should have no
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access to their functionality, but rather that such operations are hidden from an entry-level menu
and that the system has default values for the results of each of these operations.

Generalization is a task that is closely related to 'zoom' and scale change operations. As such,
they are auxiliary and users may expect them to be performed automatically. This is not a trivial
requirement and needs further research (Timpf and Frank 1995), however, the results should be
hidden from the user of a GIS. In a similar vein, abstraction procedures, e.g. the reduction of an
area to its centroid, or the regionalization resulting from a Dirichlet tessellation
(Voronoi/Thiessen), a tasks that keep being mentioned in the GIS literature (Aronoff 1991
Burrough 1986, Egenhofer and Frank 1992, Laurini and Thompson 1992), however, they were
never mentioned by a single user of the survey.

Operations such as 'clump/labeling' are relics of the underlying data structure (i.e. raster-based
tessellation's) and therefore need to be eliminated from the list of truly universal GIS operations.
Purely geometric operations like 'line intersection' or 'point-in-polygon' are typical for the way
that GIS functionality is currently implemented. These operations are too far beyond the non-
technical horizon of the average users as to support them in solving tasks.

A most critical case represents all those operations that can be subsumed under interpolation
and surface generation. With 'Search' and its subsidiary '(re-)classification', already one
functional group was introduced that has definitely no analytic character, but is such an impor-
tant predecessor to all analytic operations that it needs to be included. In like manner, interpo-
lation is of crucial importance in some applications, while users in other domains ardently expect
a GIS to perform all necessary interpolations by itself - it therefore is arguable whether. it ought
to be included in a set of universal analytical GIS operations. Furthermore, the transformation
from absolute to relative space, or gravity models are at the core of many geographic and other
human science applications and could hardly be performed automatically. Yet, they didn't get
included here, because they can be built by a combination of the given operations (Dodson
1991).

Similar considerations might have led Aronoff (1991, p. 196) to conceive of his classification.
Idiosyncrasies like that of categorizing the 'buffer' operation as a proximity function within the
'Connectivity' group are a result of its being based on Berry's (1988) Map Analysis Package.
More interesting with respect to the user-centered compilation of universal analytical GIS
operations however, is the conglomerate of "Retrieval, Classification, Measurement" that
resembles a similar mixed bag in Table 1, where 'search' and 'classification' form one group as
well.

Table 1 represents a first approximation of what is left of the original 144 operations. The as-
signment of this reduced set of 20 operations to the 7 functional headers is arguable, i.e. the
'proximity' measure could just as well be apportioned to 'Spatial Analysis' or general 'Meas-
urements'. The main achievement here, however, is the elimination of all operations that have no
direct analytical purpose. Auxiliary functions such as 'clump' / 'labeling' in the raster domain or
'topology building' in the vector world have been discarded, yet it is exactly this group of
operations that make up to 80% of all GIS operations in a regular session (Yuan and Albrecht
1995).

A most critical case represents all those operations that can be subsumed under interpolation
and surface generation. With 'Search' and its subsidiary '(re-)classification', already one
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functional group was introduced that has definitely no analytic character, but is such an impor-
tant predecessor to all analytic operations that it needs to be included. In like manner, interpo-
lation is of crucial importance in some applications, while users in other domains ardently expect
a GIS to perform all necessary interpolations by itself - it therefore is arguable whether. it ought
to be included in a set of universal analytical GIS operations. Furthermore, the transformation
from absolute to relative space, or gravity models are at the core of many geographic and other
human science applications and could hardly be performed automatically. Yet, they didn't get
included here, because they can be built by a combination of the given operations (Dodson
1991).

Similar considerations might have led Aronoff (1991, p. 196) to conceive of his classification.
Idiosyncrasies like that of categorizing the 'buffer' operation as a proximity function within the
'Connectivity' group are a result of its being based on Berry's (1988) Map Analysis Package.
More interesting with respect to the user-centered compilation of universal analytical GIS
operations however, is the conglomerate of "Retrieval, Classification, Measurement" that
resembles a similar mixed bag in Table 1, where 'search' and 'classification' form one group as
well.

Table 1. Conclusive list of universal analytical GIS operations (as implemented further on)

Search
Interpolation  Spatial Search Thematic Search Reclassification

Locational
Analysis

Buffer  Corridor   Overlay Thiessen/Voronoi

Terrain
Analysis

Slope/Aspect Watershed Drainage/Network       Viewshed

Distribution/
Neighborhood

Cost/Diffusion/Spread Proximity   Nearest Neighbor

Spatial Analysis
Multivariate Pattern /   Centrality /    Shape

Analysis    Dispersion  Connectedness

Measurements
Measurements
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A number of operations carry different names in various domains, despite being essentially
the same; 'cost, diffusion, spread' is an example for such polymorphism. Table 1 represents the
conclusive list of user-oriented, analytical, universal GIS operations, as they can be derived from
the initially 144 operations. Essentially, these are 20 operations, plus an unbound number of
measurements and variations of these operations (see 'interpolation').

The operations listed in Table 1 are claimed to be universal. A complete ascertainment,
however, can only be given if the universal GIS operations can be demonstrated to work with an
equally universal data structure. The definition of the latter is at the heart of the Open Geodata
Interoperability Specification (OGIS) which will be presented in the following section. If the
universal GIS operations can be shown to work with the data structure defined in the Virtual
Geodata Model of the OGF, then all reservations against the true universality should cease.

4.  The OGIS data structure — a framework for universal GIS operations

All (GIS) operations need some data to operate with. They are universal only, if they can
operate either with any conceivable set of spatial data (which is difficult to prove), or if they can
be shown to work with a definition of universal data. This section introduces such a speci-
fication.

Building on the works of (Kucera and Sondheim 1992, Kucera et al. 1993, PBC 1994), mem-
bers of the OGF develop the Virtual Geodata Model (VGM), which is at the heart of the Open
GIS concept. It provides a consistent logical view of geographic information, independent of the
underlying data model or format. Because it is a comprehensive geodata representation, it allows
the creation of a set of high-level functions or operations which can be used by applications for
accessing different data sets.

Geographic information is collected and managed for numerous purposes, each of which has
its own requirements for how data are most efficiently organized, what comprises features of in-
terest, what degree of precision and accuracy is necessary, how information is analyzed and
displayed, and so on. As a result, there are now many geodata models, which are largely
incompatible and which limit their utility for a community of users.

The objective of the Virtual Data Model, then, is to create a single comprehensive model
which embraces the range of existing models and their associated formats. That is, the VGM
must be able to describe any datum held in any format developed to the parameters associated
with any data model. From an application, rather than data, perspective, the VGM must provide
methods by which a user can query geographic information contained in the VGM.

This framework is developed in close cooperation with the standardization committees for
spatial and temporal object-oriented extensions of the structured query language (SQL) (Kucera
et al. 1992, Kucera 1994, Kucera, et al., 1994). According to the current schedules, the VGM
will be adopted by the Federal Geographic Data Committee (FGDC) in 1996 and become an
American National Standards Institute (ANSI) standard in 1997. As such, it is an ideal candidate
for universal GIS operations to be based on.

The hierarchy of temporal data types is derived from the TSQL2 language specification by
Snodgrass (1994). Figure 1 depicts the relationships among the class declarations.
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One of the features of this programming language is that it checks the functional dependen-
cies and the consistency of the code. The complete code, as it has been compiled under the
functional programming language Gofer, is given in (Albrecht 1996). Since the compiler ac-
cepted this code, it has been proven to be syntactically correct and without contradictions.

Surface
Domain

Topology
Feature

Grid
Cell

Sampled
Grid

Polygon
Coverage

Polyhedra
Coverage

Geometry

Full
Feature

Simple
Feature

Complex
Feature

Spatial
Object

Network
Feature DataSet

Point Solid

Coverage

Feature

Curve

Temporal

Spatial

Topological
Operator

Identity

Simple
Surface Surface

Post

Function Bag
Operator

Closed
Curve

Simple
Curve

Figure 1.   Functional overview to the universal data structure

5.   Universal elementary GIS operations

In this section, each operation is verbally described, with special emphasis to their inter-
relationship and their suitability for a user-oriented classification. For the algebraic specification
for each operation the reader is again referred to (Albrecht 1996). They are a conceptual aid that
allows a non-contradictory definition of the specified operations. They can, however, not assure
completeness. Not yet standard applications, as for example in geophysics, are likely to require
analytic operations that are not covered here.

This section builds upon the results of section 3.3 (Table 1) and describes the operations that
were considered for the final list of universal analytical GIS operations. A number of operations
are well-known and there is no discussion about how to categorize them (e.g. the group of terrain
analytic operations). The omission of Network functions is arguable; the author's argumentation
is here, that they can all be substituted by 'Neighborhood' and 'Measurement' operations. That
statement will be substantiated further down. However, a GIS user interface needs to be adjusted
to the field of application, and in a utility (network) application it makes a lot of sense indeed, to
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have network functionality as a separate group heading. In like manner, the naming of the 'cost'
operation could equally well be called 'diffusion' or 'spread' - it is a matter of domain, which
term is more appropriate; algorithmically they are all the same.

Finally, there is a large overlap among the operations within the 'Spatial Analysis' and the
'Measurements' group. Especially those operations that result in a single value could be justified
to be measurements, although some of these operations are algorithmically so complex that they
could just as well be categorized as 'Spatial Analytic'. In the following, six groups of analytical
GIS operations are differentiated (group headers will always be capitalized, whereas the
individual operations begin with a small letter).

Search operations can be partitioned into thematic searches and search under geometrical
constraints. In most cases, the search operation is succeeded by a 'select' and subsequent analysis
of the selected object(s). As such it is not a typical analytic operation itself. It is included here,
because especially the 'search-by-region' operation can not expected to be found in other but
GIS packages. The search-by-region operator uses a user-defined search (rectangular) window,
an arbitrarily shaped mask, or a filter that has some spatial properties. '(Re-)classification' is
basically a database operation. In most cases, however, the filter that is used for a
reclassification has a spatial determinant. As a matter of fact, the whole concept of 'Map
Algebra' can be regarded as a form of reclassification. The unit of measurement does not need to
be metric. Distances could be expressed just as well in time or in relative spaces, such as number
of nodes in a network.

The 'Locational Analysis' group is comprised of four operations that are among the best-
known and most often used GIS operations at all. 'Buffer' and 'corridor' are quite similar, and it
could be argued that a 'corridor' is a 'buffer' operation that takes two distances (the inner and the
outer boundary) and can only be applied to a group of 2- or higher dimensional features. But that
is a technical view of the operation and does not meet the requirement of user-orientation set
forth as a prerequisite of this work.

The probably best-known analytical GIS operation is 'overlay'. It is comprised of many other
operations such as 'clip', 'erase', 'split', 'identity', 'union' and 'intersect',  and can be applied to
any combination of spatial features. The degree of sophistication of a GIS application depends
on the knowledge that a user possesses about the resultant of any of these operations. The last
item in this group is the 'Thiessen/Voronoi' operation. This one is sometimes also categorized as
a 'Neighborhood' operation. However, from a task-oriented perspective, it fits well with the three
above. One operation that became completely subsumed under 'Voronoi/Thiessen' is the flow-
between-regions. By assigning weights to the Voronoi nodes, it is possible to simulate the flow
between the Thiessen polygons. These four operations satisfy most needs in the large set of
location/allocation problems. There are overlaps with functionalities in the 'Neighborhood' and
'Terrain Analysis' groups, but for the sake of a clear categorization with not all-encompassing
groups, other operations suitable for location/allocation problems were kept with their more
prototypical group headings.

In the process of writing this paper, three operations were conceived as forming a group
called "Network/Flow". These three operations are 'connectivity', 'shortest path' and 'flow be-
tween regions'. The latter became subsumed under the 'Voronoi/Thiessen' operation. By as-
signing weights to each origin, the flow to neighboring cells can easily be modeled. The 'shortest
path' operation can be substituted by the repeated application of the 'nearest neighbor' operation,
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while 'connectivity' was found to be a measure that extends beyond the scope of network or flow
operations.

The operations of the next functional group deal with explicitly or implicitly 3-dimensional
data. They are all well-known and therefore need no explanation beyond the description of pa-
rameters used in the algebraic specification. 'Slope/aspect' requires an input file that contains
height values. In the exceptional case of the input file being a TIN, the result of this operation is
already implicitly recorded. Although not being a truly analytical operation, hill-shading can be
accomplished within the same operation, if the sun azimuth and the viewer's elevation are
provided as additional parameters. The 'catchment/basins' operation takes either a 'height' or a
'slope' file and calculates the extent of a single basin (if an additional selection point is provided)
or the entire set of basins. Similarly, the 'drainage/network' operation  computes either the flow
from a single source location or the complete stream network. This includes the delineation of
stream links, stream order, flow direction and upstream elements. The 'viewshed' operation is the
only other one that requires an input file containing height values. In addition to that a view
point must be designated (this could also be a route or an area) and the viewer's height above
ground needs to be specified. The search distance is an optional parameter.

The 'Distribution/Neighborhood' group of operations is probably the most geographic of all.
Non-statistical queries about the relationship between spatial features are usually answered with
this set of functionalities. The 'cost/diffusion/spread' operation takes one arbitrarily dimensioned
feature and calculates the value of neighboring attributes according to some spread function. The
spread can be influenced by barriers which simulate spatial impedance (the 'cost' character),
accessibility, or the relative distance under anisotropic conditions. The spreading function is
usually expressed by an equation while the friction can be represented either by an equation or
by a special friction coverage. The 'shortest path' functionality described in the 'Network' section
above, can also be implemented by a 'spread' along a given network. Especially, if the shortest
path calculation is to be based on relative distances, 'cost/diffusion/spread' might be more
appropriate than the 'nearest neighbor' operation.

'Proximity' is less of a singular operation than a functional group of numerous technical op-
erations that carry out the same functionality. Proximity measures can be applied to all features
of an input file or to selected only. In case of multi-dimensional features, the user needs to
specify whether it should be measured from edge to edge or from center to center. Finally, a
maximal distance may be specified for what is considered to be proximal.

Similarly, the 'nearest-neighbor' operation uses a number of different algorithms, depending
on the mode, which usually is (but does not have to be) conditional to the input data. Aside from
the common specification of input and output files, (the input can be one or several features of
any type), this operation needs particulars about the unit of measurement (i.e. length or number
of nodes) and the mode (e.g. along a path or as-the-crow-flies).

It could be argued that 'proximity' belongs into the 'Measurement' group, while 'nearest-
neighbor' is a special case of the 'cost/diffusion/spread' operation, which in itself is nothing but a
complex 'reclassification'. This would render the whole group obsolete. From a technical point
of view, this argument is valid, however, it does not correspond with the requirements on the
user's side and is therefore not adhered to here.
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All statistical measures, that inhibit a certain degree of complexity, are categorized as 'Spatial
Analysis'. This includes the landscape ecological 'pattern and dispersion' measures, (such as fre-
quency, indices of similarity, relative richness, diversity, dominance, fragmentation, density,
Shannon index, and degrees of freedom) as well as 'centrality or connectedness', 'shape
measures' (e.g. skewness, compactness), and the whole set of tools for 'multivariate analysis'.
They all result in singular figures, which is why they could arguably be categorized as 'Meas-
urements'. Some of the computations, however, are so complex that users would be confused if
they were grouped among measures like 'perimeter' or 'acreage'.

'Pattern' and 'dispersion' measures are possibly the most prototypical of all 'Spatial Analysis'
operations, at least with respect to descriptive statistics. Especially geographers, but also
biologists, economists, historians or sociologists try to explain the underlying processes by
analyzing the spatial patterns of their research objects. The resulting figures are nothing but
indicators and need to be employed with care; but that is a general problem of statistics. Al-
though developed for applications in forestry, the FRAGSTATS package (McGarigal and Marks
1994) sets the standards for this type of statistics that can be used in many other domains.
'Centrality' gives either the center of a point cluster or a measure of connectivity in a network.
'Shape' measures are used in a wide array of applications, e.g. in geomorphological, bio-
geographical, political ("gerrymandering"), or archeological practices. A number of basic
parameters that can be found in the 'Measurements' group ('acreage', 'perimeter', 'centroid',
etc.), are used here to describe elongation, orientation, compactness, puncturedness or frag-
mentation.

The last operation in the 'Spatial Analysis' group is again a header for a whole bag of  sec-
ondary operations. 'Multivariate analysis' is comprised of a number of techniques to describe the
relationships and dependencies among the spatial objects in scrutiny. Although these are
definitely analytic in character, it can be argued that their functionality is covered by such well-
established statistical software packages as SAS, SPSS or S-plus and therefore, do not need to be
classified as a universal GIS operation. In the other hand, operations like 'regression', 'auto-
correlation' and 'cross-tabulation' are so often used in a GIS context, that they are included here
as well.

The 'Measurements' group is virtually infinite. In it's core, it consists of a number of simple
geometric calculations ('distance', 'direction', 'perimeter', 'acreage', 'height', 'volume', 'surface',
'fractal dimension'); these are then extended by simplest statistics ('number', 'histogram', 'mean'),
and finish with a few topological measures, such as 'adjacency' and 'doughnuts/holes'.

6.   Implementation

A user-friendly interface should allow users to concentrate on the task at hand, by offering
them a preferably small set of operations.  Such a set is provided in the previous section. Now it
needs to be demonstrated that these operations are an efficient mean to construct GIS tasks,
namely spatial problem solving (path, location, allocation, layout, districting) and predictive
modeling (inference, simulation, modeling) (Aronoff 1991). Section 6.1 informs about the
Virtual GIS, which is based on universal GIS operations. Section 6.2 outlines the window of
opportunities opened by this new GIS user interface.
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6.1.  VGIS

Currently available GIS technology, while impressive, is isolated from both the actual prob-
lem context and the users' conceptualization of the problem. It provides ‘powerful toolboxes in
which many of the tools... are as strange to the user as a robot-driven assembly plant for cars is
to the average home handyman’ (Burrough 1992, page 9). The Virtual GIS (VGIS) project
currently pursued at the Institute for Spatial Analysis and Planning in Areas of Intensive Agri-
culture (ISPA) is geared to overcome this problem.

The VGIS project emphasizes a user-oriented visualization of tasks instead of the commonly
used (technically oriented) operations (Albrecht 1994). These tasks can be dissected into the
universal GIS analysis operations, that are (as shown in section 5), independent of any data
structures and thereby of any underlying GIS.

The table of universal operations can be regarded as a periodic chart of universal GIS func-
tionalities which allows the building of typical applications much like molecules are made up of
atoms (Albrecht 1994). Their difference to the generally available GIS functions is in their top-
down approach to user needs (as they were derived in section 3 from general tasks instead of
technical conceptions of the manufacturer) and their independence from the underlying system.

Almost any situation that requires the presentation of a series of processing steps, especially
in its planning stage, is best visualized by flow charts. VGIS utilizes flow charts as a graphical
means to guide the user through the steps necessary to accomplish a given task. By selecting a
task from the main menu the first questions for input parameters are triggered. If the input data
exists in the correct format, then the macro of universal GIS operations, stored in the base file, is
executed. Otherwise the system tries to generate the necessary data based on the knowledge
stored in the base files. This might require further input by the user. Data and all operations on
them are displayed by icons and connecting edges. Detailed descriptions of the VGIS project are
(each from a different perspective) given in (Albrecht 1995, Yuan and Albrecht 1995, Brösamle
et al. 1996).

6.2. Geographic modeling

One motivation for the search for the GIS usage simplifying universal GIS operations was the
observation, that in spite of its name, geographic information systems are hardly ever used by
geographers in their scientific work. One reason might be the fact that current GIS have little to
offer to the scientist, who is interested in modeling spatial phenomena. Tomlin's (1990)
cartographic modeling language (also known as 'Map Algebra') is the most sophisticated GIS
modeling environment so far. This lack has been articulated and mourned by many in the
modeling community and resulted in a conference series, devoted to overcome this discrepancy
between the GIS and the modeling community (Goodchild et al. 1993).

The answers so far, have been specialized applications, mainly in the hydrologic domain
(PCRaster, DYNAMO) (van Deursen and Kwadijk 1993, Wesseling and van Deursen 1995).
Even these languages do not really support the creative process of model building. But they
require an intricate knowledge of the model and the language, and are harnessed to fine-tune a
fixed model run. VGIS on the other hand, attempts to be a prototyping tool and development
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platform similar to STELLA (HPS 1994), but working with real GIS data and thereby graphi-
cally extending 'Map Algebra' according to the concepts presented by Kirby and Pazner (1990).

Flow charts are a the standard process-oriented tool in visual programming (Chang 1990,
Glinert 1988, Monmonnier 1989). Such a visual programming example is depicted in Figure 2,
where the modeling flow chart allows the user to "play" with the data flow. Figure 2 represents
an intermediate step in the conceptual modeling of erosion. The four input files (rounded boxes)
are geology, landcover, precipitation, and elevation. It is possible to model this complex system
with only five of the universal GIS operations. Within VGIS, it is easy to test the result of new
routing paths within the flow chart. The hypothesis that a certain region buffered around
drainage channels has a different water retention capacity can easily be tested by adding one
connection to the flow chart. A similar reconfiguration of a conceptual model would require
substantial GIS expertise if it were attempted in a vendor GIS.

Figure 2.   Sample modeling flow chart

geology landcover
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tation

elevation

soil
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7.   Conclusion

During the past couple of years, emphasis has shifted from algorithms to data structures, data
models and means of communication between them. Data have been recognized as being the
single most expensive factor in an institutionalized GIS. Current efforts to deal with this factor
more efficiently are reasonable, yet it is difficult to understand why there has been so little
progress in the development of new GIS methods. Most, if not all of the 144 functions extracted
from GIS literature have been devised during the first ten years of GIS. Functionality and user
issues scrape in the shadow and deserve more attention. This is why the universal GIS
operations, presented in this paper, represent a radical departure from the current paradigm in
GIS.

Any attempt to shift the focus on the technical subject GIS from the engineering conception to
something as fuzzy as "the user" is destined to fall between two stools. The difficulty with this
subject lay in the endeavor to unite the user's and the developer's view, something that hasn't be
attempted before. The author's first efforts to contrive a taxonomy of elementary GIS functions
were accompanied by recurrent relapses to the technical side and he had to become a wanderer
between worlds. The results presented in this paper are but a first step towards a user-centered
GIS that transforms a colossal system into a handy tool. Only then will GIS be able to fulfill the
Norman's (1991) dictum: "Good tools do not just extend or amplify existing skills; they change
the nature of the task itself, and with it the understanding of what it is we are doing."
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