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Abstract: Computerized information systems tailored to handling spatial data are emerging as sources
of spatially related information. New methods for managing spatial data in computer systems are being devel-
oped for utilizing and exchanpging spatial information. Human concepts of spatial data and the means of
communicating with spatial information systems are the focus of the present investigation. The relationship
between'operations for manipulating graphical representation of spatial ohjects and how these representations
are chserved is discussed.

[Die Verinderung der grafischen Darstellung in Benutzerschnitistellen fiir raumbezogene Informationssysteme]

Kurzfassung: InInformationszeitalter wichst die Bedeutung von Computer-Systemen, die als Quel-
len geographischer Information dienen und fiir die Behandlung réumlicher Daten zugeschnitten sind. Die Ver-
waltung rdumlicher Daten in Computer-Systemen ermfiglicht neue Formen, die Daten zu nutzen und
auszutauschen. Die Auffassung riumlicher Konzepte und die Kommunikation zwischen Benutzer und Informa-
tionssystem ist Gegenstand der vorliegenden Arbeit. Sie zeigt einen Dualismus rwischen Operationen zur Mani-
pulation der grafischen Darstellung raumlicher Objekte und entsprechenden Operationen zur Ubsrpritfung der
Darstellung durch den Benutzer.
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1 Introduction

People exchange spatial knowledge in their everyday life. The most obvious way to convey spa-
tial information is by natural language — both in spoken and written form. For example, someone
may verbally describe how to get from Boston to the University of Maine with the instruction
«Drive north on Interstate Highway 1-85 and take Exit 50». Other techniques have also been devel-
oped to convey spatial information if no immediate contact — verbal or visual — exists among
the persons communicating. The representation of spatial infermation in graphical form is one
example. For instance, one may use a map to determine which route to follow from Boston to Bar
Harbor.

Besides this common use of geographic knowledge, entire industries and professions, from
urban planners to geologists, rely heavily upon spatial information. Driven by their need for more
complex, up-to-date and accurate spatial information, storage of spatial information has evolved
from analog form, i.e. paper maps and handwritten or typed records, to digital representation
stored in computer systems. Such a computer system, dealing with information about the geo-
metry and location of spatial data and its relation to other objects, is called a spatial in-
formation system, and the data, collected in these systemns, is often referred to as the
spatial database.

Research on spatial information systems is relatively new. It has emerged from computer pTo-
cessing of various types of spatial data. The desire to analyze combinations of spatial data and to
reveal otherwise hidden information is the justification for spatial information systems. The use
of computers as a tool to efficiently store, access, and manipulate large amounts of data expands
the capabilities of traditional methods of processing spatial data. Traditional filing cabinets and
paper maps contain information prepared independently of the users’ particular needs. Concep-
tually, the collection and storage of information are not separate from its representation on paper
s0 a user has only a single view of the spatial information. All users must be satisfied with this
single representation, therefore, its format is usually very general. When applied to a specific
project, these general-purpose representations frequently show either tao little or too much in-
formation.

Spatial information systems provide an exciting opportunity to overcome this shortcoming
because they may serve as a repository of diverse spatial knowledge in a single system without any
one user having to deal with all the data in the system. Instead, users may select whatever subset
interests them and request information about it in the preferred form for their individual use.

In this paper we investigate how spatial data, in particular its graphical representation, influen-
ces interaction between user and system. Of particular interest are the concepts people have about
spatial data and the operations that allow them to manipulate and examine the graphical represen-
tation of spatial data. Chapter 2 gives an overview of the architecture of spatial information
systems, concentrating on user interfaces for spatial data handling. How users manipulate the
representation of spatial data is investigated in Chapter 3. The corresponding operations needed
to examine the representation are introduced in Chapter 4. A series of snapshots of the user inter-
face in Chapter 5 demonstrates these ideas in a simulated GIS user interface. Finally, the con-
clusions in Chapter 8.

2 User Interfaces for Spatial Information Systems

21 Architecture of spatial information Ssystems

A spatial information system integrates a database management system which provides various
services to a programmer, such as storage and retrieval of data, standardized access to data, logical
access independent of the physical storage structure, concurrent access to data by multiple users,
and definition of consistency constraints that are automatically enforced (FRank 1988). The
encapsulation of data protects it against loss or unauthorized access. Simultaneously, the manage-
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ment system makes it available to a multitude of users. Together, management system and data
are called a database.

A database can be used to implement a variety of applications; together with the database, these
different applications forman information system . The desire to be able to formulate
ad-hoc databases queries is the motivation for interactive query lan Euages
through which humans formulate requests and receive — ideally instantaneously — the desired
answers, Users may request information in a standardized fashion, which relieves them from pro-
gramming specific access procedures for these purposes. Interactive query languages have become
popular through the use of database management systems in most modern office environments and
structured query languages for question-and-answer dialogue dominate in conventional, purely
alphanumeric information systems. Well-known examples are SQL (CHAMBERLIN et al. 1876}, for
which a national standard has been produced (Ansr 1985), QUEL (STONEBRAKER et al. 1976}, and
Query-By-Example (ZLooF 1977).

2.2 Spatial query languages

A language for querying spatial databases willbe calleda spatial query language.
In this context, the term q u e r y will be understood in its normal sense, namely to inquire about
data, which is different from the common use in computer science, where the term guery
language often includes the manipulation of data as well as being a means of formulating
inquiries.

The usefulness of traditional database query languages for spatial information systems is limi-
ted. The incorporation of conventional query languages into spatial information systems has been
hindered by the particular properties of spatial data, which diverge dramatically from those of
nonspatial data [FRANK 1982; EGENHOFER & FRANK 1988). For example, spatial information systems

must be responsive to user queries that use spatial concepts like neighborhood or select data based
upon criteria such as distance or direction.

Similar languages with extended capabilities for treating spatial objects and properties, such as
MAPQUERY (Frank 1982), enhanced with powerful «expert system» tools, such as LOBSTER
(FRANK 1884) or KBGIS-IT (SMITH et al. 1987), may overcome some of the deficiencies of standard
query languages and provide a framework for interaction with future spatial information systems;
however, interaction with spatial data at the user interface will play an even more important role
than the expressive power of a query language for the usefulness of spatial information systems.

Research in the design of spatial information systems has concentrated on the system-internal
aspects of spatial information systems, such as the architecture of spatial information systems
{ARONSON & MOORHOUSE 1983; ScHEK & WATERFELD 1986; FRANK 1988; GUTING 1988), methods for
storage and access to n-dimensional spatial data (TAMMINEN 1983; GUTTMAN 1984; NIEVERGELT et a).
1984; SeLus et al. 1987; GONTHER 1988), and data structures for modeling spatial data (CoRBeTT
1975; PEUCKER & CHRISMAN 1975; FRANK 1983; HERRING 1987; EGENHOFER et al. 1989). At the same
time, little attention has been paid to the interface through which a user accesses the information
in such a system. It is a common, yet unfortunate opinion that the user interface is something to
be constructed after the design and the implementation of the program as a whole has been
completed. Such «user interfaces» are cosmetic enhancements which barely help make these
systems user friendly. The reverse process — first designing the user interface, followed by the
implementation of the system — is only rarely done.

The user interface of a spatial information system, as the integrating part of all applications,
combines graphical and lexical representation, as well as the query language. Users articulate their
instructions through a dedicated language to communicate with the system. This Janguage must
include tools for all the essential operations. The demands on such languages differ significantly
from those for database applications with exclusively alphanumeric data.
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3 Graphical Representation of Spatial Data

A requirement for a spatial query language is the graphical representation of query results
(FRANK & EGENHOFER 1988). Humans grasp geometric concepts more easily if the spatial data is
represenied in graphic form. User interfaces to CAD/CAM systems, for example, have simulated
conventional construction operations using ruler and compass, though some more advanced
systems have been proposed using constraint-based methods [BORNING 1986; WHITE 1988). All
these systems deal with the manipulation of the geometry of spatial objects,
which is not part of the present investigation. In this paper, we are interested in the mani -
pulation of therepresentation of spatial data, which includes the variation of
objects displayed.

31 Varying graphical representations

In GIS applications, the same data is often presented in various graphical fashions according to
the users’ different views. The view of a road, for example, is different for a surveyor, a transporta-
tion company, or a cartographer; the one sees it as a parcel, the other as a classified transportation
line, another as a symbolic line, and for each purpose the road must be presented differently. Such
varying presentation is different from generalization. While generalization establishes different
abstraction levels for an object class (BRODIE 1984), varying presentation relies upon the same geo-
metry of an object, and alters only the appearance of the ohject using tools like colors and patterns.

The choice of the presentation must be controllable from the interface to allow users to adopt
the most appropriate presentation style for their application. This flexibility is important for multi-
purpose applications of a spatial data collection and the user interface must provide tools to
accommodate the presentation to the individual, often subjective, needs.

BERTIN (1883) proposed a set of retinal properties, i.e., properties to which the retina of the
human eye is sensitive independent of the location of the eye and the shape of the ohject. These
properties may be applied as a basis for different types of graphical representations. Particularly
important are the variations of colors, patterns, intensities, and symbols. The combination of these
graphical properties is represented by the graphical specification of a spatial object and may be
applied to an entire object or, individually, to parts of an object, such as its boundaries or its
interjor (STEINER et al. 1089).

Varying graphical representation is a means to convey visually the distinction between dif-
ferent classes of objects. Classification, a fundamental principle of object crientation, is the
grouping of various objects with similar properties to a common class (DAHL & NYGAARD 1968).
The similarity of objects is visualized by the graphical representation; dissimilar objects have
significantly different graphical specifications.

32Combinations of query results

Interactive graphic representation is a powerful toal for mapping systems, allowing the content
of maps to be quickly modified. A traditional map is a static product — once it is printed it cannot
be updated; map production from spatial information systems allows for immediate modification
of drawings. Representations of abjects in the database can be added, removed, or modified on a
map on the screen without having to start with a new drawing.

Appropriate tools are needed to manipulate maps on the screen. Conventional query languages
treat each guery and its result as an entirely separate representation and do not allow for reference
to earlier results. It is standard practice to averlay drawings on each other or to remove a «thematic
layers from a composite drawing. These processes provide the power of spatial information
systerns, combining spatial data from various sources in a way that appears to be most suitable for
a user's particular application. Furthermore, individual objects on a map may be highlighted
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to facilitate their identification in complex representations. Imagine a city map showing streets
and buildings. The user wants to find the city hall. Instead of checking each building, it is more
convenient and faster to choose a specific representation for the city hall that makes it easy to
distinguish it from other buildings.

The following five graphical representation commands allow a user to make the most common
combinations of query results:

— NEW refreshes the viewport before drawing the next picture.

— ADD overlays the result of the current query to the existing picture.

— ERASE removes the result of the current query from the existing picture.
— INTER intersects the set of displayed objects with the query result.

— HIGH highlights the result of the current query within the current picturs.

Of course, conventional systems with lexical presentation could utilize these types of com-
mands, though tabular presentation appears to be static and seems to need such features less than
graphical presentation does. Tt is worthwhile to investigate how users may benefit from tabular
presentation with dynamic updates.

3.3 Context

A particularly important aspect of the combination of query results is context. Context on maps
is spatial information the user does not explicitly ask for, but which is necessary to interpret a
query result within its spatial environment. The interpretation of a graphical representation is
extremely sensitive to the context in which it is shown. Unlike lexical representation, it is often
not sufficient to present graphically only what was requested (FRANK 1982). Imagine a query
«Show the town of Orono», where the result is only a labeled point in the center of the screen (Fig.
1a). A reasonable answer requires a context in which the position of the point can be spatially
interpreted. For example, by showing the borders of the state of Maine, a user familiar with the
shape of the states of the USA has sufficient information to locate Orona (Fig. 1b).

48 N R

Orona ono
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Fig. 1: A query result with (a) insufficient and (b) minimal context.

Sophisticated graphical representation provides an appropriate context, which depends on the
purpose of the drawing, the scale, and the data density. The process of adding context can be inter-
preted as an intelligent query combination. When the user asks for a particular object, the system
supplements the result by «overlaying» another query result.
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4 Operations for Observing Spatial Data

The previous chapter discussed operations on query results and the subsequent graphical re-
presentation of the query results. A users interface to a spatial information system also has to
provide the user with means to interact with the results presented graphically, particularly to
assist them in the analysis of the presented results. Operations that allow the user to examine the
graphical representation are complementary to operations that manipulate it,

41 Legend

The legend is the key to interpreting drawings produced with various colors, patterms, symbols,
etc. that represent different types of spatial objects. It is the mapping of classes of objects from the
visual domain onto the corresponding lexical expressions; therefore, the legend can be considered
to be the observe operation of the graphical representation. From a user's perspective, access to
a legend makes it possible for the representation to be understood by a larger set of users than those
who selected the specific representations.

Without a legend, symbols are often difficult to interpret. For example, a map with four different
symbols for cities, each representing a different range of size, requires a legend giving the mean-
ings of the symbols. The legend is specific for each map, and each graphical representation can
have a separate legend. Flexible access to the legend is required: (1) The legend must be imme-
diately accessible via the user interface whenever information is required. Due to the limitation
of the screen area it is generally not possible to have the entire legend permanently visible. (2) The
interface must provide visual comparison of the legends of two maps.

42 Content

Provision of a lexical description of the content of the display is an operation complementary
to the display operations. Dynamic changes in the graphical representation are provided by com-
bining the results of a number of queries in a single display. However, combining the results of
several queries makes it difficult to keep track of what is being presented. An essential feature in
a query environment with multiple representation modes is a means by which the user can check
the results on the screen after a sequence of queries. This is best achieved by showing the single
query that would have produced the current drawing. For example, if a user asks for a map
showing all roads and buildings and subsequently requests that all residences be removed from
this drawing, then — besides the roads — only those buildings are represented which are not
residences. Other methods have the disadvantage that users have to learn yet another language in
which the system informs them about the content of the current map.

With traditional one-query one-representation techniques, the result is always associated with
a single query and the user may obtain a description of the content of the graphical representation
by recalling the last query (NIEVERGELT & WEYDERT 1879). A display resulting from a sequence of
several queries is fundamentally different from the traditional production of a completely new
result for each query. Instead, the representation the user sees may be used as the reference for the
next query, promoting a more dynamic working style. The display may be the result of a fairly
large number of additions and removals of query results, the control over which may be easily lost.

Knowledge about the composition of a display prevents incorrect or misleading assumptions
about the representation. Spatial information systems produce drawings that look sophisticated
and inspire confidence in the material presented; however, these systems also allow for major
manipulations of the content of a drawing. Numerous manipulations can be performed which may
easily provide incorrect information.
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Typically, a GIS session starts with a query for an general map of the area of interest. The user
pushes the NEW button and enters a query for all towns in Maine. As result, a map is displayed
showing the border of the state of Maine (context!) and its towns (Fig. 3). Since this map is too
crowded, the user decides to remove the smaller towns. ERASE is selected and a guery for all
towns with a population of less than 10,000 is entered. As result, all small towns are removed from
the map (Fig. 4).

| Color [ Pattern [ Intensity | Symboal

alpha | Context [Legend| Content
NEW
ADD
ERASE
DIFF
HIGH

> Retrieve all towns in Maine.
>

Fig. 3: The query result shown as a map.

| Color | Pattern [Intensity [ Symbol

alpha | Context Legend| Content

NEW
ADD
RASE
DIFF
HIGH

> Remove all towns under 10,000 population.
>

Fig. 4: The map after removal of towns with a population of less than 10,000.
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A description of the current content of the map can be obtained with the CONTENT pull-down
menu. It shows the currently visible objects, i.e., the state of Maine and all towns in Maine smaller
than a population of 10,000 (Fig. 5).

| Color | Pattern | Intensity | Symbol

alpha | Context |Legen§:l_COJ1terlt_|
NEW |l state of Maine

ADD towns in Maine with

ERASE population > 10,000
DIFF
HIGH

Fig. 5: A lexical description of the contents of the map can be obtained via a pull-down menu.

6 Conclusions

The design of user interfaces plays a vital role for spatial information systems. Interaction with
spatial data differs significantly from the interaction with purely lexical data. Query languages for
spatial information systems must incorporate techniques to handle the specific properties of
spatial objects. Object-oriented, graphical representation of spatial data is identified in this paper
as being important and requires the availability of various display types, such as overlay, erase,
and highlighting. Methods such as “selection by pointing to objects” and selection of subareas are
needed for manipulation of graphically represented spatial objects. The environment specific for
representation of spatial data requires operations for selection of context and for manipulating the
graphical representation. The concepts were illustrated in a series of interface snapshots.

Acknowledgments

This work was partially funded by grants from NSF under No. IST-8608123 and Digital Equipment Corpora-
tion. Support from NSF for the NCGIA under grant number SES 88-10917 is gratefully acknowledged.

Thanks to KATHLEEN HORNSBY, DOUG HUDSON, and JEFF JACKSON, who helped with the preparation of this
paper and commented on previous versions.

7 References

ANSI (1985): X3H2 American National Standard Database Language SQL. — [American National Standards
Database Committee].

ARONSON, P. & MOREHOUSE, 8, (1983); The ARC/INFO Map Library: A Design for a Digital Geographic Data-
base. — Proc. Auto-Carto VI: 372—382; Ottawa.

BERTIN, ]. {1983): Semiology of Graphics; Madison, WI {The University of Wisconsin Press).



68 Max J. EGENHOFER & ANDREW U. FRANK

BORNING, A. (1986}: Defining Constraints Graphically. — Proc. Human Factors in Computing Systems, CHI’
86: 137-—143; Boston, MA.

BRODIE, M. (1984): On the Development of Data Models. — In: BRODIE, M., MYLOFOULOS, ., & SCHMIDT, J.
[Eds.]: On Conceptual Modelling: 18—48: New York (Springer).

CHAMBERLIN, D. & ASTRAHAN, M. & ESWARAN, K. & GRIFFITHS, P. & LORIE, R. & MEHL, J. & REISNER, P. &
WADE, B. (1976): SEQUEL 2: A Unified Approach to Data Definition, Manipulation, and Control. —
1BM ]. of Research and Development, 20 [6): 560—575; New York.

CORBETT, J. (1875): Topological Principles in Cartography. ~ Proc. Auto-Carto I1.

DAHL, O.-]. & NYGAARD, K. (1966): SIMULA — An Algol-based Simulation Language. — Communications of
the ACM, 9 (9): 671—678; New York.

EGENHOFER, M. (1988): A Spatial SQL Dialect. — Department of Surveying Engineering, University of Maine,
Techn. Rep. 100; Orono, ME.

— & FRANK, A. (1988):; Towards a Spatial Query Language: User Interface Considerations. — In:
DEWITT, D. & BANCILHON, F. [Eds.]: Proc. 14th Internat. Conf. on Very Large Data Bases: 124—133;
Los Angeles, CA.

— & — & JACKSON, J. (1989): A Topological Data Model for Spatial Databases. — In: BUCHMANN, A. &
GUNTHER, Q. [Eds.]: Proc. Symposium on the Design and Implementation of Large Spatial Databases,
Santa Barbara. — Lecture Notes in Computer Science, 409: 271—286; New York (Springer).

FRANK, A. (1982): MAPQUERY — Database Query Language for Retrieval of Geometric Data and its Graphical
Representation, — ACM Computer Graphics, 16 (3): 199~207; Boston, MA.

— (1983): Data Structures for Land Information Systems — Semantical, Topological, and Spatial Relations
in Data of Geo-Sciences (in German), — Ph.D. dissertation, Swiss Federal Institute of Technology;
Zurich.

_ (1984): Extending a Database with Prolog. — In: KERSCHBERG, L. [Ed.]: Proc. First Internat. Workshop
on Expert Database Systems: 665—676; Kiawah Island, SC.

— (1988): Requirements for Database Management Systems for Large Spatial Databases. — Geol. Jb.,
A 104: 75—96; Hannover, FRG.

GUNTHER, O. (1989): The Cell Tree: An Object-Oriented Index Structure for Geometric Databases. — Proc.
IEEE Fifth Internat. Conf. on Data Eng.; pp 598—605, Los Angeles, CA.

GUTING, R. (1988): Geo-Relational Algebra: A Model and Query Language for Geometric Database Systems.
— In: SCHMIDT, J., CERI, 5., & MISSIKOFF, M. [Eds.]: Proe. Advances in Database Technology — EDBT
'88, Internat. Conf. on Extending Database Technology, Venice, Italy. — Lecture Notes in Computer
Science; 303: 506—527, New York (Springer).

GUTTMAN, A. (1984): R-Trees: A Dynamic Index Structure for Spatial Searching. — In: YORMARK, B. [Ed.]:
Proc. Annual Meseting ACM SIGMOD: 47—57; Boston, MA.

HERRING, ]. (1987): TIGRIS: Topologically Integrated Geographic Information Systems. — In: CHRISMAN, N.R.
[Ed.]: Proc. Auto-Carto 8, Eighth Internat. Symp. on Computer-Assisted Cartograpby; pp 282-—291,
Baltimore, MD.

NIEVERGELT, ]. & WEYDERT, ]. (1979): Sites, Modes, and Trails: Telling the User of an Interactive Systern
Where He Is, What He Can Do, And How To Get Places. — Technical Report 28, Inst. for Informatics,
Swiss Federal Inst. of Technology; Zurich.

_— & HINTERBERGER, H., & SEVCIK, K. [1984): The GRID FILE: An Adaptable, Symmetric Multi-Key File
Structure, — ACM Transactions on Database Systems; 9 [1): 38—71: New York.

PEUCKER, T. & CHRISMAN, N. (1975): Cartographic Data Structures. — The American Cartographer, 2 (2):
55—69; Washington, D.C.

SCHEK, H.-J. & WATERFELD, W. (1986): A Database Kernel System for Geoscientific Applications. — In:
MARBLE, D. (Ed.): Proc. Second Internat. Symp. on Spatial Data Handling, pp 273—288; Ssattle, WA.

SELLIS, T., ROUSSOPOULOS, N., & FALOUTSO0S, C. (1887): The R * Tree: A Dynamic Index for Multi-Dimensio-
nal Objects. — In: STOCKER, P. & KENT, W. [Eds.]: Proc. 13th Internat. Conf. on Very Large Data Bases;
pp 507—518, Brighton, UK.



User Interfaces for Spatial Information Systems 69

SMITH, T., PEUQUET, D., MENCN, S. & AGARWAL, P. (1987}): KBGIS-II: A Knowledge-Based Geographical Infor-
mation System. — Internat. ]. Geogr. Inform. Systems, 1 (2): 148—172; London.

STEINER, D. & EGENHOFER, M. & FRANK, A. (19889): An Object-Oriented Carto-Graphic Output Package. —
Proc. ASPRS-ACSM Annual Convention, 5: 104—113; Baltimore, MD.

STONEBRAKER, M. & WONG, E. & KREPS, P. & HELD, G. {1976): The Design and Implementation of INGRES. —
ACM Transactions on Database Systems, 1 (3): 189—222; New York.

TAMMINEN, M. (1983): Performance Analysis of Cell Based Geometric File Organizations. — Computer Vision,
Graphics, and Image Processing; 24 (2): 168—181, New York.

WHITE, R.M. {1988}: Applying Direct Manipulation to Geometric Construction Systems. — In: MAGNENAT, N.
& THALMANN, D. [Eds.]: Proc. Computer Graphics Internat.; pp 446-—455, Geneva.

ZLOOF, M. M. {1977): Query-by-Example: A Database Language. — IBM Systems J., 16 (4): 324—343; New York.



Geologisches Jahrbuch
Reihe A

Allgemeine und regionale Geologie Bundesfepub!ik Deutschiand und Nachbargebiete
Tektonik, Stratigraphie, Paldontologie

Heft 122

From Digital Map Series in Geosciences
to Geo-Information Systems

Compiled by
RENIER VINKEN

With 241 figures, 33 tables, 1 plate and 4 maps

Herausgegeben von der Bundesanstalt fiir Geowissenschaften und Rohstoffe
und den Geologischen Landesamtern in der Bundesrepublik Deutschland

In Kommission: E. Schweizerbart’sche Verlagsbuchhandiung
(Nagele u. Obermiller), JohannesstraBe 3A, D—7000 Stuttgart 1

Hannover 1992





