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Geovisualization for knowledge construction and decision-support 

Vast digital data resources are being produced that 
include geospatial referencing, from precise geographic 
coordinates (e.g., generated by GPS receivers in vehi-
cles, PDAs, cell phones, and other devices), through 
street addresses, to codes for administrative and other 
regions (e.g., zip codes, census tracts FIPS codes, drain-
age basin indices). A few specific examples of geospa-
tially-referenced data include: satellite remote sensing, 
meteorological measurements, telephone and credit 
card transactions (with both purchase and billing ad-
dress), stream gauge readings, land use categories, 
transportation data (linked to intersections, highway 
segments, ticket offices), health statistics (collected with 
home and treatment addresses), tax and property re-
cords, and census enumerations (for population, agri-
culture, housing, manufacturing and other topics). 

Geovisualization is both a process for leveraging these 
data resources to meet scientific and societal needs and, 
together with the broader discipline of Geographic 
Information Science (GIScience), a field of research and 
practice that develops visual methods and tools to sup-
port a wide array of geospatial data applications. While 
there have been substantial advances in geovisualiza-
tion over the past decade, many challenges remain. To 
support real-world knowledge construction and deci-
sion making, some of the most important challenges 
involve distributed geovisualization; enabling geovisuali-
zation across software components, devices, people, 
and places.  

Integrating and extending perspectives 

In her May/June 2003 Viewpoints paper, Theresa-Marie 
Rhyne highlighted some of the commonalities between 
cartographic and geographic information representa-
tion techniques and those in both scientific and infor-
mation visualization [3]. Geovisualization draws upon 
these cartographic and geographic traditions, integrat-
ing their perspectives on representation and analysis of 
geospatial information with more recent developments 
in scientific and information visualization, exploratory 
data analysis (EDA), and image analysis. A general 
goal articulated for geovisualization is to integrate ap-
proaches from these domains “to provide theory, 
methods, and tools for visual exploration, analysis, 
synthesis, and presentation of geospatial data (any data 
having geospatial referencing).” [4] (see Figure 1). 

The term geographic visualization (as well as the related, 
cartographic visualization) has an origin in the 1987 NSF 
report on visualization in scientific computing [5]. Re-
search and practice in geovisualization, however, has 
roots at least a decade earlier, in Bertin’s [6, French 

edition - 1977] cartographic and information design 
ideas for representing and exploring data [7]. Early 
work in geovisualization focused on the role of map-
based, dynamic, visual displays as prompts for scien-
tific insight [8] and on the methods through which dy-
namic visual displays might leverage perceptual-
cognitive processes to facilitate scientific thinking [9].  

In 1995, the International Cartographic Association 
established a Commission on Visualization that in 1999 
expanded its focus to Visualization & Virtual Environ-
ments. This Commission has played an important role 
in stimulating geovisualization research and in articu-
lating an international, interdisciplinary research 
agenda [4, 10]. That role has involved collaboration 
with the ACM SIGGRAPH Carto Project 
(http://www.siggraph.org/~rhyne/carto/).  

Initial research prompted by the ICA Commission fo-
cused on development and implementation of highly 
interactive, exploratory methods targeted at knowl-
edge construction by specialists [11], thus on support 
for visualization functions at the lower front corner of 
Figure 1 (this work balanced traditional cartographic 
research, focused on the top back corner, thus on pres-
entation of existing information to the public).  

The 2001 interdisciplinary geovisualization research 
agenda (cited above) articulated a broader set of chal-
lenges that includes attention to visually-enabled in-
formation retrieval and decision-making tasks for a 
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1 Four functions for geovisualization are depicted along 
the central diagonal of this geovisualization use space. The 
space is defined by: kinds of task, kinds of user, and level 
of interaction enabled in the interface. modified from figure 

PIII.1 [1]. 
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wide range of users, and for groups as well as indi-
viduals. One component of a recent U.S. National Re-
search Council (NRC) report builds on this agenda to 
identify challenges for IT research related to human 
interaction with geospatial information [12]. Particular 
geovisualization issues targeted in this NRC report 
include: advances in visualization to harness informa-
tion volume and complexity (including attention to 
visual representation of knowledge); universal access 
and usability (including extensions of visualization to 
other modalities), mobile information acquisition, ac-
cess, and use (including design of visualization meth-
ods suited to small, wireless devices); and collaborative 
work with geospatial information (including attention 
to the role of visual display as a mediator for both 
same- and different-place group discussion). 

Application domains 

The wide range of available geospatial data creates a 
potential for geovisualization to support activities in an 
equally wide range of application domains. Below, 
applications in three domains are highlighted, using 
examples from research underway in the GeoVISTA 
Center at Penn State. 

Public Health 

Geospatial data about health outcomes, interventions, 
and risk factors offer an opportunity to understand 
(and do something about) the varied geographic distri-
bution of disease. These datasets, however, are highly 

multivariate and the complex multivariate relation-
ships among variables are often unknown. Traditional 
statistical analysis methods are not well suited to un-
covering spatial aspects of these relations. Integration 
of traditional cartographic methods with those from 
information visualization and EDA can provide re-
searchers and analysts with a range of tools for visually 
(and statistically and computationally) exploring these 
relationships. To enable such integration, we have de-
veloped an open source application building environ-
ment, GeoVISTA Studio, that provides a visual pro-
gramming interface for application developers to con-
struct analytical tools (and other forms of visualization 
applications) by quickly integrating Java components 
(in the form of JavaBeans) – see sidebar.  

Figure 2 illustrates the use of a MultiForm Bivariate Ma-
trix (part of an application built using Studio) to explore 
spatial and non-spatial relationships in a cancer mortal-
ity/risk factor data set. Aggregate county data are de-
picted for: two potential environmental risk factors 
(atmospheric emissions for arsenic and mercury), one 
health care access variable (proportion of individuals 
without health insurance), and a subset of age-adjusted 
cancer mortality rate data (for male and female stom-
ach, lung, and esophageal cancer). The Matrix extends 
the well-known scatterplot matrix method into a ge-
neric visualization tool that accepts any bivariate rep-
resentation forms. In this case, bivariate maps and 
space-filling visualizations are used, with the diagonal 
depicting univariate maps of each variable.  

Here, we applied a visual classifi-
cation tool to bin the data (for 
each bivariate representation) 
into 4 classes: (1) counties with 
values in the lower ¾ of the data 
range for both variables (light 
gray on the maps), (2) counties 
with values in the highest ¼ of 
the data range for both variables 
(dark gray on the maps), (3) 
counties with values in the top ¼ 
on the column variable but not 
the row variable (purple on the 
map), and (4) counties with val-
ues in the top ¼ on the row vari-
able but not the column variable 
(green on the map). The top row 
of maps matches data for atmos-
pheric emission of mercury with 
data for all other variables. In 
that row, the male lung cancer 
mortality map contains a broad 
purple region in the southeast 
U.S. (indicating that this region is 
in the top ¼ for lung cancer mor-
tality but not in the top ¼ for 

2. MultiForm Bivariate Matrix with spacefill and map components 
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mercury emissions). The adjacent map (to the right) 
contains distinct regions (dark gray) in which the top ¼ 
female lung cancer mortality rates match with the top 
¼ on mercury emissions (most noticeable in the far 
west, along the Gulf coast, and in Florida). 

In the spacefill visualization, each county is depicted as 
a grid cell. In contrast to a scatterplot (a tool most po-
tential users are familiar with) this depiction avoids 
over-plotting of identical or similar data values. Thus, 
some relationships which would be obscured in a scat-
terplot are evident in spacefill visualizations. The trade-
off is that the tool is less familiar than a scatterplot (for 
most users), thus requires training to use. In the view 
shown, scan-line cell order (from lower left to upper 
right) depicts the column variable and color depicts the 
row variable (purple indicating values in the top ¼ on 
that variable). Other orderings (e.g., spiral) are user 
selectable.  

The upper left spacefill view shows a strong positive 
relationship between mercury and arsenic emissions 
(the purple band at the top of the spacefill indicates that 
the two variables have substantial agreement in the top 
¼ of counties). Male-female stomach and lung cancers 
both show similar (but weaker) relationships, while 
male-female esophageal cancer shows no relationship. 

These and other components developed for integration 
with GeoVISTA Studio support many dynamic events 
that can be controlled by user action or by input from 
other components. For example, manual highlighting 
in any map or spacefill display causes selected entities 
to be highlighted in all displays, the order of Matrix 
columns and rows can be driven computationally, and 
manual or computational adjustment of the color 
scheme assigned to one map can propagate to all coor-
dinated views.  

A separate coordinator component (that takes advan-
tage of Java’s introspection capabilities) handles these 
cross-component connections – enabling distribution of 
visualization functions across software components 
that do not need to be developed with specific support 
for cross-component coordination in mind. 

Environmental Science 

Many of the same EDA methods and tools useful for 
applications in public health data analysis can also be 
applied to support research in environmental science. 
Figure 3 illustrates use of these geovisualization meth-
ods on large displays to facilitate collaborative land 
cover data exploration. The left panel of this large dis-
play depicts the design of an application in Studio, 
while the right panel depicts the resulting application. 
This application includes a dynamically linked scatter-
plot matrix, parallel coordinate plot, and a self organiz-

ing map (SOM), the latter depicted in a 3D view. While 
not shown here, the screens can produce stereo views. 
The application’s display depicts use of linked brush-
ing among components (a region of dots selected on a 
scatterplot is highlighted in all other views, in blue). 
The analysis session is focused on land cover classifica-
tion and the task of identifying anomalies in a remotely 
sensed data set that are resulting in failure of the SOM 
to distinguish among three similar vegetation types. 

Our recent work in environmental applications has 
combined data visualization methods and tools de-
rived from EDA and cartography with graph-based 
concept visualization methods and tools derived from 
Information Visualization. We are developing a dis-
tributed concept mapping tool, ConceptVISTA that 
runs in both a standalone mode on a desktop or hand-
held device and through a Web portal used for scien-
tific collaboration. Figure 4 depicts a portion of one 
researcher’s concept map representing the vulnerabil-
ity of people and places to environmental change. Such 
concept maps provide a vehicle for researcher teams to 
create and share depictions of complex knowledge. We 
are developing concept similarity measures for use 
within ConceptVISTA that help reveal levels of agree-

Figure 3. Collaboration in a land-cover classification task. This 
dual stereo display (with 2 stereo screens) was created by staff of 
the Penn State Information Technology Services, Visualization 

Group, George Otto, Manager.  

Figure 4. ConceptVISTA -- Concept graph depicting components 
of water system vulnerability. This component builds on an open 

source graph drawing tool called TouchGraph, www.touchgraph.com 
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ment between concept maps created by different peo-
ple or for different problems. ConceptVISTA also has 
the ability to encode semantic relationships between 
the researchers, places, data, software tools, and analy-
sis tasks depicted in a map; this information can repre-

sent a problem solving approach much as a GeoVISTA 
Studio design does, but at a different level of abstrac-
tion. As a result, we anticipate that users will be able to 
build visual representations of problems using a Con-
ceptVISTA-style interface, which Studio can use to se-
lect and connect appropriate data and components. 

Crisis Management 

Geovisualization is not limited to support for science. 
Rapid advances in geographic information systems and 
related technologies have created a potential for dy-
namic geovisualization methods to be integrated with 
GIS in support of a range of decision making tasks. 
Crisis management is a prototypical example where a 
visual, map-based display can be used to integrate, 
assess, and apply multi-source geospatial information. 

In time-critical crisis situations, it is imperative that 
access to geospatial information is not impeded by 
constraints inherent in the software or interface. More-
over, Emergency Operations Centers (EOCs) have been 
outfitted with large screen displays that provide col-
laborators with up-to-date information about hazards 
and their impact. In response to both of these factors, 
new interfaces are needed that enable users who lack 
GIS training to quickly access complex geospatial in-
formation displayed on these large screens. Such inter-
faces should support untethered access to data explora-
tion tools, such as those shown in figure 3. 

New collaborative geographical visualization envi-
ronments that support decision-making activities must 
address two related challenges: (1) the interruptions in 
cognitive problem solving and collaborative discourse 
caused by mouse/keyboard input, and (2) the potential 
for cognitive overload from multiple visualization tools 
and their controls. First, traditional visualization inter-
faces (using keyboard and mouse) demand user atten-
tion, thus they distract users from thinking about and 
discussing the problem at hand. Second, geovisualiza-
tion used in crisis management must often depict com-
plex, multivariate information. Such depictions cou-
pled with a complex interface will force a choice be-
tween devoting cognitive resources to understanding 
the display and understanding the display controls. 
Particularly for time-critical decision making, it is im-
portant to minimize the cognitive resources that must 
be directed to geovisualization controls. 

To make GIS and geovisualization tools more accessi-
ble to crisis managers working with large screen map 
displays, we have integrated solutions from natural 
language and speech processing, vision-based gesture 
recognition, and conversational dialogue technologies 
to enable multimodal dialogues with interactive maps 
served from geographical information systems [13]. 
Figure 5 illustrates our Dialogue-Assisted Visual Envi-

GeoVISTA Studio  

The main objective of the GeoVISTA Studio project is to improve 
geoscientific analysis by providing an environment that opera-
tionally integrates a wide range of problem-solving components 
and activities, including those both computationally and visually 
based [2]. Through support for geographic visualization and 
knowledge discovery, Studio enables researchers to explore data, 
construct hypotheses, discover, refine and test knowledge, con-
struct analyses tasks and evaluate results. It offers a number of 
specific features and advantages, including: (i) ease of program 
construction, by visual programming—users drag components 
from a palette into the “design box” and link them together to 
create systems which they can run and test in real time, (ii) an 
open (non-proprietary) architecture based on the JavaBeans envi-
ronment (iii) a shared code-base—the Studio source tree and ap-
plications are distributed through SourceForge 
(http://www.sourceforge.net/projects/geovistastudio), (iv) simple compo-
nent-based integration using Java introspection methods to ex-
pose Bean functionality and a sophisticated event coordination 
harness that maps user interactions in one component to equiva-
lent actions in others, (v) on-the-fly design modification, and (vi) 
advanced deployment methods using serialization, automatic 
application and applet creation and Java WebStart, to facilitate the 
rapid construction, sharing and deployment of tools developed. 

This versatility has the potential to change the nature of systems 
development, use and deployment for the geosciences, providing 
better mechanisms to coordinate complex functionality. As a con-
sequence, analyses and decision making processes may be im-
proved by closer integration of software tools and better engage-
ment of the human expert.  

 
Bivariate color represents % age 18-29, % female in each state and the arrows 

depict % black (height), % divorced (length), and % native American (thickness) 
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ronment for Geoinformation (DAVE_G). In DAVE_G, 
natural hand gestures and spoken requests are recog-
nized, allowing completely device free interaction [14]. 
Dialogues between the user and the system are mixed-
initiative and collaborative, allowing cognitive loads to 
be shared between human and the system.  

The human-map dialogue in DAVE_G is facilitated by 
a dialogue manager, which is a computational agent 
playing the role of an intelligent information assistant, 
similar to the role of human GIS specialists in current 
EOCs. The dialogue manager recognizes the user’s 
goals and acts on their user’s behalf in spatial data re-
trieval as well as generation of visual displays. The 
system is competent in various human-like dialogue 
strategies for resolving ill-defined requests, ambigui-
ties, and vagueness of spatial concepts [15]. The overall 
goal of this research is to free the user from the cogni-
tive burden of complete and accurate data query and 
GIS command specification, allowing smoother, more 
natural interaction with the geospatial information. We 
are currently extending the system to support multiple 
users working collaboratively. 

Some challenges 

In a recent Viewpoints column, Shalf and Bethel ar-
gued that: 

A new grid-aware framework is needed for distributed 
visualization that’s easy to use, modular, extensible, and 
permits reuse of existing investments in visualization 
technology [16].  

Similar challenges must be faced to achieve the goal of 
distributed geovisualization that crosses the bounda-
ries of software applications, devices, distance, and 
individual use.  

Current geovisualization tools start with an assump-
tion that a user’s task will involve geovisualization 
exclusively (or at least primarily). That is an unrealistic 
assumption, particularly as geovisualization matures 
and the potential to play a role in a wide array of ac-
tivities increases. A component-based approach to ge-
ovisualization tools, that distributes functionality 
among a set of independent modules, has the potential 
to support more flexible integration of geovisualization 
with other information access and analysis tools as well 
as geovisualization that works across devices. The dis-
tributed Grid-based architecture that Shalf and Bethel 
envision is also critical to the challenge of support for 
same- and different-place collaborative visualization.  

Like scientific and information visualization, geovisu-
alization is maturing as a field of research as well as a 
domain of practice. The potential is there to apply geo-
visualization as a tool for addressing critical issues in 
the fields of public health, environmental science, crisis 

management, and others. Achieving this potential will 
require multidisciplinary collaboration that integrates 
perspectives from cartography and GIScience with 
those from computer graphics, information and scien-
tific visualization, computer-supported cooperative 
work, diagrammatic reasoning, cognitive science, HCI, 
cognitive systems engineering, and other domains. 
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