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Cognitive and Usability Issues in Geovisualization

Terry A. Slocum, Connie Blok, Bin Jiang,
Alexandra Koussoulakou, Daniel R. Montello,

Sven Fuhrmann, and Nicholas R. Hedley

ABSTRACT:Weprovide a researchagenda for the International Cartographic Association'sCommission on
Visualizationand VirtualEnvironmentWorkingGroup on Cognitiveand UsabilityIssues in Geovisualization.
Developments in hardware and software have led to (and will continue to stimulate) numerous novel
methods for visualizing geospatial data. It is our beliefthat these novel methods will be oflittle use if
they are not developed within a theoretical cognitive framework and iteratively tested using usability
engineering principles. Weargue that cognitive and usability issues should be considered in the context
of six major research themes: 1)geospatial virtual environments (GeoVEs);2) dynamic representations
(including animated and interactive maps); 3) metaphors and schemata in user interface design; 4)
individual and group differences; 5) collaborative geovisualization; and 6) evaluating the effectiveness
of geovisualization methods. A key point underlying our use of theoretical cognitive principles is that
traditional cognitive theory for static two-dimensional maps may not be applicable to interactive three-
dimensional immersive GeoVEs and dynamic representations-thus new cognitive theory may need
to be developed. Usability engineering extends beyond the traditional cartographic practice of "user
testing" by evaluating softwareeffectiveness throughout a lifecycle(including design, development, and
deployment). Applyingusabilityengineering to geovisualization,however,may be problematic because of
the noveltyof geovisualizationand the associated difficultyof defining the nature of users and their tasks.
Tacklingthe research themes is likelyto require an interdisciplinaryeffort involvinggeographic information
scientists, cognitive scientists, usability engineers, computer scientists, and others.

KEYWORDS:Geospatialvirtual environments, animated maps, interactivemaps, metaphors, collaborative
geovisualization, usability engineering, research agenda

Introduction

The previous papers in this issue of CaGlS
propose research questions concerning rep-
resen tation, database-geocom pu tation-visu-

alization links, and interface design that, once
answered satisfactorily, promise a host of new
methods for visualizing geospatial data. Although
the development of such methods is exciting, we
argue that users may find these methods difficult
to apply, not derive the full benefit from them, or
simply not utilize them if we do not consider vari-
ous cognitive and usability issues. To illustrate, imag-
ine that we develop a tool to assist school children
in visualizing how temperature changes in a lake
over the course of the year. We develop the tool
explicitly for an immersive geospatial virtual envi-
ronment (immersive GeoVE) because we think
that children will develop a better "feel" for spa-
tia-temporal variations in temperature if they are
immersed in the lake environment. Although hard-
ware and software exists that could enable devel-
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opment of such a tool, we would have to make
decisions on numerous cognitive/usability issues
to insure the tool's success: for example, which
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immersive hardware (e.g., head-mounted display
or CAVE)1would be appropriate [or children and,
for this particular application; what sort of inter-
face would be most appropriate for children; what
representation (symbology) would be appropriate
for depicting lake temperatures; and how might
such decisions vary as a function of a child's age,
sex, culture, and other individual characteristics?

We argue that the development of effective geovi-
sualization methods requires a two-pronged effort:
theory-driven cognitive research and evaluation of
methods via usability engineering principles. Theory-
driven cognitive research (in a geospatial context)refers to
studies that seek to understand howhumans create and
utilize mental representations ofthe Earth's environ-
ment, whether obtained via maps or by navigating
through the environment. Ifwecan develop theories of
how humans create and utilize mental representations
of the environment, then we can minimize the need
for user testing of specific geovisualization methods.
Examples of theory-driven cognitive research include
the work of MacEachren (1995) and Lloyd (1997).
Relatedworkfocuseson cognitiveaspectsofwayfinding
(e.g., Golledge (1999).

Usability engineering is a term used to describe meth-
ods for analyzing and enhancing the usability of
software (Nielsen 1993; Mayhew 1999).2Usability
engineers are interested not only in whether software
is easy to use, but whether it responds satisfactorily to
the tasks that users expect of it. In cartography, the
practices of "user testing" and "user studies" have
much in common with those of usability engineer-
ing. It should be recognized, however, that usability
engineering involves both formative and summative
evaluation. I'ormative evaluation is an iterative process
that takes place during software development, while
summative evaluation is done near the end of software
development (Nielsen 1993, p. 170).

In this paper, we consider six major research themes
in association with cognitive and usability issues in
geovisualization: 1) geospatial virtual environments
(GeoVEs); 2) dynamic representations (including
animated and interactive maps); 3) metaphors and
schemata in user interface design; 4) individual and
group differences; 5) collaborative geovisualization;
and 6) evaluating the effectiveness of geovisualization
methods.3 In the next sectionof the paper,weintroduce
each of these themes and discuss the associated state

Immersion
Degree of

Interactivity
Wayfinding
Manipulation

Information Intensity
level of Detail
Scale

Intelligent Objects
Agents

Figure 1. The four til" factors important in cre-
ating GeoVEs: Immersion, interactivity, informa-
tion Intensity, and intelligence of objects.

of the art. In the following section, we present a set
of research challenges for each theme that webelieve
must be tackled if geovisualization methods are to
be used effectively.4

Research Themes
and State of the Art

Geospatial Virtual Environments
It is logical to place GeoVEs first in our list of
research themes because immersive GeoVEs funda-
mentally change our traditional way of acquiring
spatial knowledge. In a desktop computer envi-
ronment, maps generally have been depicted as
an abstract two-dimensional plan view and vision
has been the primary means of acquiring spatial
knowledge. In immersive GeoVEs, however, three-
dimensional representations are the norm (see the
cover of this issue), and it is possible to use a vari-
ety of senses: vision, sound, touch (haptic), and
body (vestibular) movements. This new technology
is exciting, but the cognitive-usability theory devel-
oped for representing geospatial information in
a traditional two-dimensional environment may
not be applicable to this three-dimensional, often
more realistic, environment.

Although softwarefor creating GeoVEshas become
readily available(e.g.,ArcView's3DAnalystand ERDAS
Imagine's Virtual GIS), the bulk of this software has

1 For an overview of hardware that produces a sense of immersion, see the May 1997 issue of Computer Graphics.
2 Usability engineering presumes that developers utilize widely accepted principles of sound interface design, such as those described

by Shneiderman 11998).
3 Our research themes are based, in part, upon earlier work by the ICA Commission on Visualization and Virtual Environments (see

http://www.geovista.psu.edu/icavis/agenda2.html).
4 Those interested in a more detailed discussion of the research themes and associated challenges should see the extended version of

the paper at http://www.geovista.psu.edu/icavis/agenda/index.html.
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been utilized in the traditional non-immersive desktop
environment. This is starting to change, however, as
researchers are beginning to report on the potential
that immersive environments provide. Researchers
in the GeoVISTA Center at Penn State University
are among the most active groups exploring GeoVEs.
Extending from the work of Heim (1998), they have
proposed four "I" factors important in creating GeoVEs:
immersion, interactivity, information intensity, and intel-
ligence of objects (Figure 1) (MacEachren et a1. 1999b).
Since each of these factors signals a set of cognitive-
usability issues, we will use the factors to summarize
the state of the art in this section and to introduce
research challenges in the subsequent section.

Immersion can be defined as "... a psychological state
characterized by perceiving oneself to be enveloped by,
included in, and interacting with an environment. .."
(Witmer and Singer 1998, p. 227). A traditional CRT5

display provides little sense of immersion, while a
CAV£6provides a strong sense of immersion. A reason-
able hypothesis is that systems providing a greater
sense of immersion will be most effective because: 1)
they come closer to matching howwe normally perceive
the real world than do non-immersive systems, thus
permitting us to use real-world cognitive processing
strategies (Buziek and Dollner 1999); and 2) we are
less likely to be distracted by the real world outside the
hardware. A counter argument is that cartography is
successful (it has been for centuries) precisely because
the world is too complex to take in at once-we need
abstraction and a separation between representations
and ourselves to help us make sense out of it.

Within geography, Verbree et a1.(1999) examined
immersion in the context of the landscape planning
process in the Netherlands, but they did not consider
cognitive issues nor conduct any user testing. Outside
geography, Pausch et a1. (1997) and Ruddle et a1.
(1999) have compared head-mounted displays (HMDs)
with CRT displays. Both studies found that those
using HMDs performed better, but not necessarily
in all aspects.

We are just beginning to tap the full potential of
being immersed. Early YEs relied primarily on vision,
but today's YEsare starting to utilize sound (Golledge
et a1.1998), touch (Berkley et a1.2000), hand gestures
(Sharma et a1.2000), and body movements (Bakker
et a!. 1999).

One concern with interactivity (the second I factor) is
developing methods to assist users in navigating and
maintaining orientation in GeoVEs. Rudolph Darken
and his colleagues have undertaken Fundamental work
on this topic. In one study, Darken and Sibert (1996)

examined the ability of people to navigate very large
GeoVEs (a hypothetical land-sea environment) and
found that real-world environmental design principles
could be utilized in the GeoVI. Their work is relevant to
our goals because they used cognitive theory to design
their navigation system (e.g., the work of Thorndyke
and Stasz 1980) and usability engineering methods
throughout design and implementation.

In considering navigation and orientation issues,
research on wayfinding in GeoVEs could be applicable
(e.g., Richardson et a1. 1999). It must be recognized,
however, that the purposes of geovisualization and
wayfinding are different fundamentally. The objective
of wayfinding research is to understand how people
learn about and navigate through the environment.
The primary goal is to find and move to a particular
location. In contrast, the objective of geovisualization
is to develop methods that will assist in understanding
the Earth's environment. Here, the primary goals
are to support searches for the unknown and the
construction of knowledge.

Another concern related to interactivity is the extent
to which users interact with and modify objects in a
display. Presumably, users will require a set of interac-
tion options similar to those found outside GeoVEs,
such as brushing, focusing, and colormap manipulation
(Buja et al. 1996). The three-dimensional realistic
appearance of the environment, however, will allow a
host of operations that we normally would not think of
in two-dimensional maps, such as picking up objects
and rotating them (Gabbard and Hix 1997).

Information intensity (the third I factor) deals with
the level of detail in the GeoVE. Conventional rules
for generalization as well as research advances in
automated map generalization (e.g., the January 1999
issue of CaGIS) may be be useful in deciding on the
appropriate level of detail. The rules have, however,
never been tested in GeoVEs and the research has been
oriented toward abstract symbolization for two-dimen-
sional maps. Support for changes in detail as users
zoom between scales is being tackled now (as part of the
Digital Earth project-http://www.digitalearth.gov/), but
the approaches developed address the issue primar-
ily from a technical standpoint (Reddy et al. 1999),
without considering cognitive or usability issues. Level
of detail is related to the notion of geographic scale,
a topic for which fundamental cognitive questions
are only beginning to be explored (Montello and
Golledge 1999).

Intelligent objects (the fourth I factor) raise some
appealing possibilities for assisting users in interpreting

5.6 CRT (or cathode ray tube) is often referred to simply as a computer monitor; a CAVE is is a room-size structure in which projectors
display computer-generated images onto three walls and the floor, while a "head tracker" on one user governs the view all users see
through stereo glasses.
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Figure 2. How sllatial pattern can be analyzed by interacting with a map display. As the user moves a slider along the dot plot
at the top of the figure. the spatial pattern appears to change dynamically. [From Andrienko and Andrienko 1999. p. 363.]1

GeoVEs.Outside the fieldofGIScience,intelligent agents
(in the form ofavatars) are being used to teach people
how to work with machinery (Rickel and Johnson
1999) and for representing individuals handling a
global crisis (Noll et al. 1999). Borrowing from these
examples, we can imagine agents assisting users in
navigating through and understanding virtual geo-
graphic landscapesor in retrieving geospatial informa-
tion (Cartwright 1999).

Within geography, MichaelBattyand hiscolleagues
have used computational agents to model individual
behavior in urban settings (Jiang 1999) and experi-
mented with having users negotiate the same VE
traversed by agents (Batty et al. 1998). If users join
agents within aVE, then there willbe some important
cognitive issues to consider-does this, for example,
facilitate learning about how crowds behave?

One issue not explicitly dealt with in the four "Is"
is the emerging technology of augmented reality (AR).
In most virtual environments, a virtual world rePlaces
the real world, but in AR a virtual world supplements
the real world with additional information (Feiner
et al. 1997). For example, someone travelling in an
urban environment might want to see building names
overlaid on the actual buildings. Aparticularlypromis-
ing aspect of AR is the potential for collaborative
visualization (Billinghurst and Kato 1999).

Dynamic Representations
We use the term dynamic representations to refer to
displays that change continuously, either with or
without user control. Dynamic representation has
changed the way users obtain and interact with
information across the full range of display tech-

nologies, from CAVEs to traditional desktop com-
puters. One form of dynamic representation is the
animated map, in which a display changes continu-
ously without the user necessarily having control
over that change. An argument for utilizing ani-
mation is that it is natural for depicting temporal
data because changes in real world time can be
reflected by changes in display time. Animation
can also be utilized for atemporal data; examples
include f1y-bysand sequencing data from low to
high values (DiBiase et al. 1992).

In addition to enabling animated maps, dynamic
representations also permit users to explore geospa-
tial data by interacting with mapped displays, a pro-
cess sometimes referred to asdirect maniPulation. For
example, in Figure 2 a user can explore the spatial
pattern by moving a slider along the dot plot to adjust
the midpoint of the divergingcolorscheme(Andrienko
and Andrienko 1999).

Interactive exploration can alsobe considered in the
context of animated maps. Althoughmanyanimations
have been developed with minimal opportunity for
interaction (e.g., those distributed in video form),
the greatest understanding may be achieved when
the animation is under complete user control and
the geospatial data can be explored in a variety of
other ways (Andrienko et al. 2000b; Andrienko et al.
2000a; Slocum et aI., in press).

More generally, although the notions of animation,
exploration, and interactivity have enticed cartog-
raphers, we should ask whether dynamic represen-
tations truly work. Do animations permit users to
interpret spatio-temporal patterns more effectively
than static maps and do interactive displaysenhance
user understanding of spatial patterns?

7 For information on the International Journal of Geographical Information Science, where the paper and the image were first published.
see http://www.tandf.co.uk.
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Studies of the effectiveness of animated versus static
maps have produced mixed results. For example,
Koussoulakou and Kraak (1992) and Patton and
Cammack (1996) found that animation was more
effective,while Slocum and Egbert (1993) and Johnson
and Nelson (1998) found little difference between
animated and static maps. Although, in total, these
studies provide support for animation, a meta-analysis
by Morrison et al. (2000) suggests that animations
generally are not as effective as static graphics for
educational purposes.

Numerous variables might affect the understanding
of animations, including the method of representation
(symbology), the method of interpolating frames, and
the nature of the phenomenon animated. Rather than
performing usability tests of these variables, research-
ers have focused on approaches for identifYing the
fundamental elements of map animation design and on
creating animations (e.g., MacEachren 1995; Acevedo
and Masuoka 1997; and Blok et al. 1999).

There have been few usability studies dealing with
interactive displays, and the focus has been on manipu-
lating animations. For instance, Harrower et al. (2000)
found that the addition of temporal brushing and
focusing to a standard animation was not particularly
effective for students, although those with moderate
knowledge of the application domain benefited the
most. MacEachren et al. (1998), in contrast, reported
that when expert epidemiologists were provided tools
that allowed them to focus on high death rate values
during an animation, the experts detected space-time
patterns missed entirely by those using the tools in
other ways.

Metaphors, Schemata and Interface
Design
When working with GeoVEs, dynamic representa-
tions, or geovisualization generally, a critical issue
is the nature of the user interface. From our per-
spective, a key element of interface design is the
metaphors used. The classic example of an inter-
face metaphor is the "desktop metaphor," devel-
oped by researchers at Xerox, popularized by
Apple, and now common in most operating sys-
tems. Although the desktop metaphor has been
popular, many other metaphors are possible; for
example, Kuhn (1992) cites the following as met-
aphors attempted in GIS: program, manipulate,
communicate, delegate, query, browse, skim, pro-
duce and receive documents, solve problems, play,
cooperate, see, view, and experience.

Closely associated with metaphors is the notion
of cognitive schemata. Ideally, interpretation using
geovisualization will be enhanced if the form of rep-
resentation and associated interaction match intuitively

Vol. 28, No.1

with schemata for structuring spatial information; for
instance, providing a legend to a contour map that
depicts the contours as irregularly shaped, nested lines
should prompt an appropriate schemata for interpret-
ing map terrain (DeLucia and Hiller 1982).

Researchers have implemented metaphors poten-
tially relevant to geovisualization in three domains: GIS,
geovisualization itself, and information visualization.
In the context of GIS, Egenhofer and Richards (1993)
and Elvinsand Jain (l 998) implemented a map-overlay
metaphor (modeled on traditional overlays on a light
table). Goodchild (1999) has proposed the Earth as a
metaphor in association with the Digital Earth project
(http://digitalearth.gsfc.nasa.gov/). Others who have
worked with metaphors in GIS include Neves et al.
(1997) and Blaser et al. (2000).

In the context of geovisualization, Kraak et al. (1997)
utilized metaphors in developing legends for an
animated weather map. Their notion was that clocks
and timelines serve as metaphors for linear and cyclic
components of time and thus should prompt appropri-
ate schemata. Fuhrmann and MacEachren (1999)
proposed the intriguing notion of a "£lying saucer"
metaphor for navigating three-dimensional VRML
desktop-based environments. Cartwright (1999) sug-
gested numerous metaphors (e.g., storyteller, naviga-
tor, guide, and sage) that might be utilized to build
a GeoExploratorium, a means for accessing a wide
variety of spatial resources relevant to a particular
geographical area of interest.

Metaphors relevant to geospatial information also
have been used in information visualization, a burgeoning
discipline with a focus on the visual representation
and analysis of non-numerical abstract information
(Card et al. 1999). The process of converting abstract
non-numerical information into a viewable spatial
framework has been termed spatialization (a term that
signals parallels with cartography and geovisualization).
Metaphors are relevant in this context in the sense that
the resulting space willbe most meaningful if users can
relate it to their real world experience with geographic
(and cartographic) space -a principle as the heart
of work on applications such as ThemeRiver™ and
ThemeView™ developed by information visualization
researchers at Pacific Northwest National Laboratory
(http://multimedia. pnl.gov:2080/infoviz/).Geographers
working in information visualization include Kuhn
(1997), Couclelis (1998), and Fabrikant (2000).

To date, most metaphors have been implemented
within a Windows-lcons-Menus-Pointer (WIMP) inter-
face. In contrast, Robertson et al. (1999) have
developed a novel workspace interface that utilizes
three-dimensional perspective and animation. Also
exemplary of the move away from WIMP interfaces
is the work on multimodal and natural interfaces that
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attempt to mimic the way people interact with one
another (for example, using gesture and speech).
Oviatt and Cohen (2000, p. 47) note that multimodal
interfaces are particularly effective for" ...applications
that involve visual-spatial information."

Immersive GeoVEshave the potential for implement-
ing relatively direct metaphors (at least for tangible
phenomena), since the intention is to create a target
domain (the VE) that has the "look and feel" of the
source domain (the real world). For example, when
sitting in the cockpit of a flight simulator, one is sup-
posed to obtain the feel that one is actually flying.
Implementing metaphors in GeoVEs is challenging,
however, because of the varied specialized interaction
devices that have been developed (Buxton 2000).

Individual and Group Differences
In considering research themes to this point, we
have treated users of geovisualization methods as a
homogeneous group. Obviously, this is inappropri-
ate, as numerous variables could affect a person's
ability to work with a method, such as their exper-
tise, culture, sex, age, sensory disabilities, ethnic-
ity, and socioeconomic status. Collectively, we refer
to these variables as "individual and group differ-
ences." An important concern is what to do if we
find that certain individuals or groups work more
effectively with a method or with selected features
of that method. We see two possible solutions. One
is to train (or educate) people in geovisualization
methods; the other is to design methods so they
can be adjusted to the cognitive characteristics of
the individual user.

In reviewing the state of the art related to individual
and group differences, we will focus on five factors
that could co-vary with cognitive differences among
individuals: expertise, culture, sex, age, and sensory
disabilities. The notion of expertise is complicated
because it can be defined in so many different ways
(Nyerges 1995). For our purposes, we will define
expertise on the basis of three dimensions of user
experience: with the tool, the problem domain, and
computers in general (Nielsen 1993,pp. 43-44).Todate,
an analysis of the role of expertise in geovisualization
has been limited to two studies: McGuinness (1994)
and Evans (1997).

Two aspects of culture need to be understood and
incorporated into the design of geovisualization meth-
ods. The first is the need to translate linguistic informa-
tion that is part of a geovisualization method. This
is not as straightforward as it may seem, given that
different languages label parts of the world in different
ways that are only partially overlapping (for example,
the meaning of "lake"vs. "pond" in English and French
(Mark 1993». A second issue concerns the interpreta-

66

tion of iconic symbols by different cultural groups.
Iconic symbols are effective because they resemble
what they stand for, making them easy to interpret
(e.g., useof an airplane symbolto represent an airport).
However,iconic symbolsderive their semantics from
people's experience,someofwhichisculturallyspecific;
for example, the color green may suggest water more
effectively than blue does in some cultures.

Sex has frequently been a variable examined in
studies oftraditional staticmaps (Gilmartinand Patton
1984). In the case of CRT displays, girls and boys do
not use computer technologies in exactly the same
ways, and thus different interface designs may be
better suited for each (Jakobsd6ttir et al. 1994).Males
and females also have been shown to perform differ-
ently at "dynamic spatial reasoning tasks" such as
the apprehension of the relative speeds of moving
targets on a computer screen (Lawet al. 1993).This
may have implications for the way animations are
used and understood by the two sexes.

Age is obviously a variable that can have consider-
able impact on our ability to understand visualization
methods. It would be unusual to find a system that
workedequallywellwith children and adults of all ages,
which suggests the need for research on how best
to design systems for use in schools and in public
places where they willbe accessed by children aswell
as adults. Similarly, declines in spatial visualization
abilities in middle and late adulthood have been
documented (Salthouse and Mitchell 1990); and so
their implications for geovisualization need to be
investigated.

Sensory disabilities can also have considerable impact
on success of geovisualization methods. Potential
visual impairments include color blindness, lowvision,
and total blindness itself. Olson and Brewer (1997)
developed color schemes to assistcolor deficient read-
ers, but these schemes have not been tested in an
interactive visualization environment, which has a
limited color spacecompared to print media. Similarly,
studies of map reading for those with lowvision and
the totally blind have been undertaken (e.g., Blades
et al. 1999), but not in the context of geovisualiza-
tion. Other sensory and motor disabilities, such as
deafness, have implications for how multi-sensory
geovisualizations may be apprehended. For example,
data sanification will clearly not work well with deaf
users, but haptic methods might.

SinceGeoYEsare one of our major research themes,
it is important to consider individual differencesassoci-
ated with VE. In this context, Stanney et al. (1998,
pp. 332-334) note that attention to individual dif-
ferences has been limited to sense of presence and
cybersickness. Some of the areas Stanney et al. cite
as needing work include assisting low-spatial users

CartograPhy and Geographic Information Science



Collaborative Geovisualization

Figure 3. Four different ways in which collaborative geovi-
sualization can take place.

in maintaining spatial orientation, the difficulty that
some individuals may have in handling multisensory
input, differences in personality traits, and the role
that age differences may play.

It is commonly assumed that individuals utilize
geovisualization methods in isolation, but this is
often untrue. For example, in a typical classroom
situation, students may cluster around a computer
monitor and freely exchange ideas about what they
are looking at. With the availability of the Internet,
collaborative geovisualization now can also take place
over great distances and in fundamentally differ-
ent ways (Bajaj and Cutchin 1999; MacEachren
et a1. 1999a). Designing visualization methods for
such a setting is more complex for we cannot fine-
tune the system for an individual, but must con-
sider how the group of individuals will respond
and interact with one another. Thus, both cogni-
tive and social issues may be important.

The notion of collaborative geovisualization has
its roots in Computer Supported Collaborative Work
(CSCW) (Shum et a1. 1997) and Collaborative Spatial
Decision-Making (CSDM) (Densham et a!. 1995). A
variety of collaborative visualization efforts have taken
place outside GIScience. Wood et a!. (1997) and Bajaj
and Cutchin (1999) have tackled many of the technical
issues (e.g., enabling a collaborator tojoin and leave a
session at any time). Shiffer (1998) has been a leader
in implementing collaborative decision-making in
planning, and is one of the few to have attempted a
user evaluation of collaborative geospatial systems.
Complementary work includes that of Johnson et al.
(1999) in education and Rinner (1999) in planning.
MacEachren (2000; 2001) reviews such work and its
potential connections to collaborative geovisualiza-
tion.

Evaluating the Effectiveness
of Geovisualization Methods
Our sixth theme, evaluating the effectiveness of
geovisualization methods can be divided into two
subthemes: 1) methodology for evaluating geovisu-
alization methods and 2) practical utility of geovi-
sualization methods.

One point stressed by those involved in collaborative
work is that collaboration can take place in four differ-
ent ways: same place-same time, same place-different
time, different place-same time, and different place-
different time (Figure 3). Different place-same time
geovisualization is particularly challenging because
direct manipulation must take place remotely. Within
GIScience, researchers at Penn State and Old Dominion
University have experimented with different place-same
time visualization of relationships between climate and
topography utilizing Internet 2 and ImmersaDesks
(MacEachren et al. 1999a), while a group at the
University of Washington has developed a shared
virtual space for remote synchronous and asynchronous
geoscientific collaboration (Hedley and Campbell
1998).

Brewer et a1. (2000) are developing software that
will enable both same-time/same-p1ace or same-time/
different place cooperative work by scientists work-
ing on problems related to environmental change.
Following along the lines we promote in this papel~
they are taking a human-centered design approach that
involves iterative application of usability engineering
methods.

Within immersive GeoVEs,collaboration is especially
complicated because hardware limitations may pre-
vent or limit the ability of individual collaborators to
either see what others perceive, see what others are
doing, or to make modifications in a shared scene.
Particularly problematic are traditional HMDs, which
generally have been used only by individuals in a non-
collaborative environment; this iswhy geographers
have become interested in tabletop GeoVEs and the
CAVE (Verbree et al. 1999). Even with these later
systems, however, there is usually a single correct
viewpoint and one person controlling the display.
More flexible systems are possible that permit more
than one controlling collaborator, with each person
seeing a "correct" view (e.g., Billinghurst and Kato
1999). These systems, however, have not yet been
widely adopted, and they raise a variety of social as
well as cognitive questions about how both control
and the multiple perspectives generated might be
shared.

Strategic
military
planning

Different Time

School project
involvin~ classwork

and fieldwork

Urban
planning
meeting

SameTime

Scientists
collaborate with
decision-makers

Same
Place

Different
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Developing a Methodology
'.vhile cartography has a long history of percep-
tual-cognitive research on use of maps, experimen-
tal paradigms used were developed for studying
static map use and the focus has been on com-
paring relatively narrow alternatives (e.g., a set
of possible color schemes) for a narrow range of
tasks (e.g., value retrieval or region comparison).
Comprehensive usability evaluation throughout
the lifecycle of map products has been uncom-
mon.

One of the keys in conducting a usability study is
specifying the users and the tasks that they need to
perform (Mayhew1999, pp. 6-7).As geovisualization
applications expand from their early focuson facilitat-
ing scientificinvestigationbyexperts to a broader range
of users and uses, assessing usability becomes more
complex. The standard usability engineering practice
of observing potential users working with current
tools provides limited (and sometimes misleading)
insight on what they might do with geovisualization
(because there is often no analogous situation using
current tools to the kinds of data exploration that
dynamic geovisualization can enable).

Cartographers have conducted studies on the effec-
tiveness of geovisualization methods, but these stud-
ies generally have dealt with just a limited portion
of the software design-testing process. Buttenfield
(1999) is one cartographer who has looked at usability
engineering from a somewhatbroader perspective. In
working with the Alexandria Digital Library Project
(which did not involve geovisualization), she stressed
the need to evaluate throughout the lifecycleof design,
development, and deployment. Buttenfield also pro-
moted a convergent methods paradigm in whichmultiple
methods of evaluation are used. In a similar vein,
outside the field of geography Bowman and Hodges
(1999, p. 43) have proposed a testbed of multiple
methods for evaluating interaction techniques in
YEs.

An important characteristic of how usability stud-
ies are conducted is the timing of software develop-
ment and associated user testing. In this context,
Gabbard et al. (1999) have developed an appealing
methodology for evaluatingYEsthat might be applied
to geovisualization methods (i.e., not just to GeoVEs).
The methodology is based on usability engineering
and user-centered design (Norman and Draper 1986)
and consists of four major steps: an analysis of user
tasks (these are used as a basisfor developing the initial
software), an evaluation of the software by experts, a
formative user-centered evaluation (in which users
work with the software),and a task-based comparison
of alternative implementations.
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Practical Utility of Geovisualiwtion Methods
Although we may develop geovisualization meth-
ods that are intended to "work" (for individuals
or groups), we argue that such methods will be
of little use if they do not actually enhance sci-
ence, decision-making, and education outside the
research laboratories where they are developed.
Thus, we need to examine the effectiveness of
geovisualization methods, both in the traditional
laboratory setting and in the "real world". To a cer-
tain extent, this research theme can be subsumed
under the notion of usability engineering-as
one of its fundamental stages is an evaluation
of the software in real world practice (for exam-
ple, Mayhew (1999) terms this the "installation"
stage). Weenvision, however, that an examination
of social issues related to the use of geovisualiza-
tion in real world practice will extend beyond what
usability engineers normally deal with.

Literature on user acceptance of information
technology (IT) (Dillon and Morris 1996) falls
within the framework of potential social issues
that we might consider. Research on societal issues
involved in GIScience is also potentially relevant
to the utilization of geovisualization methods. A
major portion of the Varenius Project of the NCGIA
is dedicated to social issues, although thus far they
have not focused on geovisualization (Sheppard et
al. 1999). Finally,we may also wish to consider soci-
ology of scientific knowledge (SSK) theory. One
generally accepted tenet of SSKtheory is that scien-
tific developments do not occur in isolation from
society, but rather are a function of the milieu in
which they are developed (Kourany 1998).

To determine the extent to which geovisual-
ization methods appear to have facilitated science,
decision-making, and education, we undertook a
literature review. Using keyword searches of sev-
eral bibliographic databases and our own knowl-
edge of the literature, we found 71 applications
that appeared to facilitate science, decision-mak-
ing, or education (Asummary is shown in Table 1;
for details, see http://www.geovista.psu.edu/icavis/
agenda/index.html).

Although Table 1 suggests that geovisualization is
being used to facilitate scienceand decision-making,
one deficiencywenotedwasthe lackofformalmeasures
of success-the evidence is primarily anecdotal. With
the exception of papers by MacEachren (1998) and
Shiffer (1995), published reports provide only indi-
rect evidence that users benefited from geovisualiza-
tion.

In contrast to the common use of geovisualization
in science and decision-making, Table 1 indicates a
lack of geovisualizationapplications in education. In
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A. Science

Human Geography 12

Physical Geography 18

B. Decision making

Human Geography 22

Physical Geography 9

C. Education

Human Geography 3

Physical Geography 7

Table 1. Applications of geovisualization that appear to
facilitate SCience, decision making, and education.

primary and secondary schools, this deficiency can
be explained by limited funding, lack of training in
geovisualization for teachers, the difficultyof fitting
new material into an already full curriculum, lack
of emphasis on new technology, and the traditional
weaknessof geography in the public schools (at least
in the United States).Wecan alsoargue that educators
are reluctant to adopt this new technology quickly
because we know so little about the ways in which
children's developing spatial abilities can be enabled
through visual representations-thus fundamental
cognitive research is required to provide the basis for
making criticaldecisionsabout use of scarceresources.
Presumably,manyof the aboveproblems willdissipate
asfundsfor IT increase,teachersbecomebetter trained,
and geography is promoted in the public schools.
Certainly,children are ripe for geovisualizationapplica-
tions given their experience with place- and map-
based computer and video games.

Research has begun to address some of the issues
related to geovisualization in learning. Recent and
current projects include Visualizing Earth (http://
visearth.ucsd.edu/), KanCRN (http://kancrn.org/; the
emphasis here isGIS,for whichgeovisualizationcould
be considered a component), the Round Earth Project
Gohnson et al. 1999) and the WoridWatcher Project
(http://www.worldwatcher.nwu.edu/index.html).In
Canada and Sweden, school children are making
use of electronic atlases associated with the national
atlases of those countries (Siekierska and Williams
1997;Wastensonand Amberg 1997).At the university
level, visualization is now common in introductory
geography courses, particularly those directed to the
physicalsciencecomponents of the field, as textbooks
typically include CDROMs containing visualization
material.

Vbl. 28, No.1

Research Challenges

These are exciting times for those interested
in the visualization of geospatial information.
Development of visualization methods that use
animated and interactive maps, multi modal inter-
faces, and GeoVEs (and associated AR) all have
the potential to support insight into the vast array
of spatial data that are now becoming available.
To return to our school child example, we can
imagine students not only examining tempera-
tures within a particular lake, but being able to
travel to various locations around the world and
explore spatial problems at those locations, or see
what it is like to live in a particular city (for exam-
ple, it is now possible to take a virtual tour of
portions of the Los Angeles metropolitan area -
http://www.ust.ucla.edu/ustweb/ust.html) .Although
such potential is exciting, a great deal of time and
money will need to be invested in order to develop
effective hardware, software, and associated data-
bases. We believe that these funds will be wasted if
we do not consider cognitive and usability issues -
the most sophisticated technology will be of little
use if people cannot utilize it effectively. It is
in this context that we see the following major
research challenges related to cognitive and usabil-
ity issues:

Geospatial Virtual Environments
'yDetermine the situations in which (and how) immer-

sive technologies can assist users in understanding
geospatial environments

A related challenge is comparing the effectiveness
of immersive technologies with traditional non-
immersive displays. Given the variety of means
that are now becoming available for simulating
a VE (e.g., sound, touch, hand gestures, and
body movements), this research effort will likely
require multiple years by multidisciplinary teams
of researchers.

'y Develop methods to assist users in navigating and
maintaining mientation in Ceo VEs

This challenge is closely tied with research on inter-
face design and metaphors, as users will need to
interact with a display and navigate using suitable
metaphors. A related issue will be determining the
role that two-dimensional (bird's eye view) maps
play in assisting in navigation and orientation.

»Develop suitable methods for interacting with objects
in the CeoVE

Although these methods may be similar to those
found outside VEs, the realistic three-dimensional
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nature of GeoVEs suggests that a host of new meth-
ods will need to be developed. Since the precise
nature of methods likely will be a function of par-
ticular applications, it will be critical to quiz poten-
tial users to determine what their needs are.

~ Determine ways in which intelligent agents can assist
users in understanding Ceo VEs

Intelligent agents that interact directly with users
are likely to be useful because of the complexity
of both information depicted and forms of repre-
sentation used in the GeoVE. We anticipate that
agents could be especially useful in educational
applications.

~ Determine ways in which we can mix realism and
abstraction in representations to influence cognitive
processes involved in knowledge construction

This challenge is driven by the focus of geovi-
sualization on integrating diverse forms of infor-
mation ranging from visible-tangible data about
landscapes to non-visible and abstract data (e.g.,
ozone or commodity flows).

~ DeveloPing support for interpreting and understand-
ing spatial trends and patterns in Ceo VEs

As with navigation and orientation, this issue is
challenging because users ofGeoVEs may not have
the birds-eye view that we are so familiar with in
two-dimensional mapping. Related research ques-
tions include whether novices could be trained to
utilize schemata that share key aspects with those
of experts, and whether agents can be trained by
experts to explore on their own and/or to act as
guides for less expert analysts.

Dynamic Representations
~ Determine the relative advantages of animated and

static map.
We anticipate that animation will be more effec-
tive than static maps in some situations; we need
to specifY those situations: in terms of which rep-
resentations (symbology) are effective, the nature
and degree of user control needed, the nature
(complexity) of the phenomena being animated,
how frames are interpolated, and what the prob-
lem context and specific tasks are.

~ For temporal animations, a critical concern is associat-
ing a proper time with various points in the anima-
tion

Temporal animations are often difficult to under-
stand because it is hard (with a rapidly changing
display) to keep track of the match between display
time and real world time. This problem might be
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tackled through multimodal interfaces (for exam-
ple, using sound to signifYposition in time so that
vision is free to observe changes in the phenom-
enon depicted).

~ Determine the appropriate mix of cartograPhic,
graphic, statistical, and geocomputational approaches
necessary for understanding geospatial data and how
this mix varies with the application

Animated maps are only one approach for under-
standing geospatial data. Effective geovisualiza-
tion environments are likely to be ones that mix
methods, but at this point we know little about
effective user strategies for working with such inte-
grated environments, nor how to design such envi-
ronments to make them usable.

~Analyze approaches to exploring geospatial data inter-
actively in non-immersive desktop environments

Here we refer to direct manipulation of parame-
ters for interacting with spatial data (e.g., chang-
ing the portion of a spatial data set that is focused
on). We specifY "non-immersive desktop environ-
ments" to emphasize that there are still many
unknowns in using this technology. Although inter-
action may be accomplished using standard WIMP
interfaces, we should also evaluate the potential of
multimodal interfaces.

Metaphors and Schemata in Interface
Design
~The overarching research challenge is to develop meta-

phors that make geovisualiwtion methods more effec-
tive

This will involve analyzing metaphors in existing
software, considering past suggestions for meta-
phors (that may not have been implemented),
and developing new metaphors. With multimodal
interfaces, new metaphors are possible, and the
potential exists to create more realistic metaphors
(so-called natural interfaces are possible). In addi-
tion to developing appropriate metaphors, we also
need to uncover the nature of the schemata people
utilize in working with metaphors.

Individual and Group Differences
~ Develop methods to train (or educate) peoPle in the

usage of geovisualization methods
In a sense, this is nothing new,as training has often
been required to understand traditional static pre-
sentations (e.g., USGS topographical maps). With
geovisualization methods, however, training will
be necessary with both the method and the sub-
ject domain for which the method is intended
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(route planning, weather prediction, etc.). Weantic-
ipate that the strategies of experts in the domain
and method could be studied and implemented
in training approaches. The training itself might
be carried out via the method; for instance, the
~ethod could prompt novices to use expert strate-
gies.

~ Design geovisualization methods so that they can be
adjusted to the cognitive characteristics of individual
users.

This is the motivation behind the design of systems
that incorporate "user profiles," descriptions of
preferred ways to produce visualizations and inter-
faces that fit the cognitive characteristics of par-
ticular users. Some key questions related to user
profiles include: What is the best way to design
and implement them? How effective are they? Do
users like them? Which aspects of a geovisualiza-
tion method should be addressed by the profile?

Collaborative Geovisualization
~Analyze cognitive and usability issues related to the

overall design of collaborative interfaces, giving par-
ticular attention to ways in which shared task perfor-
mance and thinking can befacilitated

Although researchers have developed user inter-
faces that support collaboration, the focus has been
on the technical challenges of building something
that worked, as opposed to considering cognitive
and usability issues. On a more detailed level, we
need to examine group work tasks to determine
which require geovisualization methods and tools
that are different from those developed to support
individual work. Also, attention should be given to
the difficult questions concerning design of geovi-
sualization that enables group work on ill-defined
tasks such as decision-making and knowledge con-
struction.

~Analyze the many variables that can affect collabora-
tive geovisualization within immersive CeoVEs

Collaborative geovisualization and immersive
GeoVE are both novel concepts. As a result, there
are numerous variables that need to be evaluated
for different problem contexts and kinds of group
work tasks. These variables include: 1) the type
of immersive hardware; 2) the number of collabo-
rators and the kinds of control protocols; 3) the
mix of non-collaborative and collaborative views;
4) how collaborators can interact with and appear
to one another; and 5) visual methods for facilitat-
ing sharing of ideas and perspectives.
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Evaluating the Effectiveness
of Geovisualization Methods
~ Develop a methodology suitable for examining the

effectiveness of geovisualization methods
Although usability engineering provides a set of gen-
eral guidelines for examining the effectiveness of
computer environments, the focus of geovisualization
on facilitatingwork related to ill-structured problems
may make it difficultto apply standard usability engi-
neering principles. The key problem is that a clear
specificationof tasks(and sometimes of users) is often
not possible due to the exploratory and interactive
nature of geovisualization.Thus, we propose that car-
tographers, cognitive scientists, usability engineers,
and others should collaborate to develop an appropri-
ate methodology for examining the effectiveness of
geovisualizationmethods.

~ Determine to what extent (and how) geovisualization
methods facilitate science and decision-making in real
world practice

Although those writing about geovisualization meth-
ods contend that the methods facilitate science and
decision-making, there has been little empirical evi-
dence to support these claims.We propose extensive
testing of geovisualizationmethods, both in the con-
trolled setting of the research laboratory and in the
real world. Usability engineering methods will be
useful in this process, but we likelywill also have to
consider social factors beyond those normally dealt
with in usabilityengineering.

~Carefully examine the role that geovisualization might
play in education

In contrast to scienceand decision-making, we found
few published reports of the practical use of geovisu-
alization methods in education. This is unfortunate
as geovisualizationtools (particularly GeoVEs)have a
dual potential for education. First, they provide new
ways to facilitate understanding of complex spatial
phe~omena; for example, the realism of GeoVEsmay
proVideways to overcomedifficulties that young chil-
dren have in dealing with concepts such as scale or

"stand for" relationships (e.g., that a flat map stands
f?r a round world). Second, GeoVEs have the poten-
ual to support research in children's spatial cognition
that is difficultor impossibleto do in the real world.

Summary

We have outlined a set of research themes and asso-
ciated challenges that we believe must be tackled
if novel geovisualization methods are to provide
useful knowledge concerning geospatial patterns
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and processes. The keys to our approach are
the utilization of theory-driven cognitive research
and the iterative application of usability engineer-
ing principles. Theory-driven cognitive research
provides the basis from which a framework for
designing methods can be developed. Usability
engineering principles will be critical in insuring
that applications are both easy to use and meet
their intended tasks; additionally the iterative
design process should assist us in developing cog-
nitive theory.

Many of our research challenges focus on cog-
nitive-usability issues associated with immersive
GeoVEs, as we see VE to be a technology with
considerable potential for extending the power
of geovisualization. While immersive GeoVEs are
intriguing, we also see that research is still neces-
sary in more traditional desktop environments-
thus our emphasis on dynamic representations as
a separate research theme. The user interface is
the key to utilizing any software, and so we have
emphasized the study of associated metaphors and
schemata, which should lead to more usable soft-
ware. Research on individual and group differences
is critical if geovisualization software is to be widely
used. Collaborative visualization, like GeoVEs, is a
recent development with many unknowns. It is a
particularly important topic for research because
the Internet and mobile computing both promise
to extend the potential for collaborative work dra-
matically.

The complexity of challenges delineated requires
a multifaceted approach, drawing upon methods
from both cognitive science and usability engineer-
ing principles. It appears that if we are to examine
problems such as group workwith geovisualizationand
use of geovisualization in real world practice, wewill
also need to address social issues using methods that
integrate perspectives from domains such as CSCW,
sociology, and social psychology.

Acommonthread running throughourmajorresearch
themes is the need for interdisciplinary work. Oviatt
and Cohen (2000) make the same contention from the
perspective of computer science.They state:

/ldvancing the state-of the-art of multimodal systems
will require multidisciPlinary expertise in a variety
of areas beyond computer science - including speech
and hearing science, perception and vision, linguis-
tics, psychology, signal processing, pattern recogni-
tion, and statistics ... 10 evolve successfully as a field,
it means that computer science will need to become
broader and more synthetic in its worldview, and to
begin encouraging and rewarding researchers who
successfully reach across the boundaries of their nar-
rowly defined fields" (p. 52).
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In tackling the research challenges wehave identi-
fied, webelievethat geographic information scientists
should adopt a similar strategy - wecan not hope to
undertake these research challenges on our own,but
willneed to collaboratewithcognitivescientists,usabil-
ity engineers, computer scientists, and others.
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