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FROM A THOUSAND WORDS

By André Skupin

NYONE ENGAGED IN SCIENTIFIC WORK KNOWS HOW DIF-

FICULT IT IS TO KEEP UP WITH THE LATEST SCIENTIFIC

ADVANCES. THE OVERWHELMING VOLUME OF LITERATURE—

RELATED TO THE GROWING NUMBER OF PEER-REVIEWED PRINT

outlets and Internet-based sources—
combined with cutting-edge science’s
increasingly interdisciplinary charac-
ter means that scientists, educators,
students, policy makers, and funding
agencies need new methods to under-
stand the structure and development
of knowledge domains. To address this
information glut, I developed a visual-
ization methodology that combines
approaches from information science,
computer science, and geography. In
this article, I present results of a visu-
alization of the geographic knowledge
domain based on several thousand
conference abstracts as well as a visu-
alization of search results from a re-
search grants database.

From Text Retrieval

to Text Visualization
Disseminating scientific ideas and re-
search results primarily relies on text
written in natural language. Tradi-
tionally, recognizing structures and
relationships in and among different
text sources has required time-con-
suming manual approaches. Compu-
tational text analysis speeds up these
processes by allowing, for example,
keyword search and document-to-
document content comparisons. To
do this, we must transform text doc-

uments into a structured form
amenable to computation.

Underlying many text search engines
is the vector space model,! in which each
document is represented as a vector with
dimensions corresponding to keywords
or terms and numerical weights ex-
pressing each term’s importance in the
document. Another popular tech-
nique—especially in the analysis of peer-
reviewed scientific literature—is to con-
struct a citation network in which
documents become nodes and citations
become directed links. To be applicable
to a broad range of documents, my visu-
alization methodology constructs a vec-
tor space model to analyze implicit doc-
ument relationships based on shared
content, instead of the citations provided
by explicit links.

My system preprocesses input data
(including removing unwanted stop
words, such as articles and preposi-
tions) using standard information-sci-
ence methods (see the top row in Fig-
ure 1). It then constructs a vector space
model from the remaining vocabulary
and uses document vectors to train a
self-organizing map (SOM).? This is a
special type of artificial neural network
that orders neurons in a certain man-
ner, typically to form a 2D lattice.
When dealing with a small number of

neurons, we can view the SOM as a
clustering tool—for example, a 3 x 3
SOM would lead to a nine-cluster so-
lution. However, if we train a SOM
with many neurons, we can map out
topological relationships among large
numbers of #-dimensional vectors in
the 2D display space. When dealing
with document vectors, we can repre-
sent individual documents with 2D
point geometry. We can visualize the
trained SOM in numerous ways,
including the delineation of #-dimen-
sional cluster structures.

A SOM’s 2D form suggests a possi-
ble relevance of traditional geographic
principles and cartographic techniques,
which are mostly geared toward 2D
planar representations of geographic
reality. My methodology uses com-
mercial geographic information sys-
tems (GIS) software (ArcGIS by Envi-
ronmental Systems Research Institute;
www.esri.com) to represent the 2D
neuron lattice and various geometric
configurations derived from it. The
eventual visualization requires many
transformations, including clustering
of n-dimensional neuron vectors and
determining appropriate label terms
for those clusters. These transforma-
tions are linked via loose coupling—
that is, file exchange between different
components—because there are no ex-
isting integrated solutions.**

Visualizing

Conference Abstracts

Many scientific disciplines hold regu-
lar meetings that represent the full
range of activities related to the over-
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arching knowledge domain, instead of
being devoted to individual, highly fo-
cused topics. Within the geography
field, the Association of American Ge-
ographers’ (AAG; www.aag.org) annual
meeting fulfills this function. With sev-
eral thousand presentations given at
each year’s meeting, it’s a prime event
for gauging the discipline’s current
state and potential direction.

The large number of presentations
necessitates that the printed conference
program lists only presentation titles; a
CD-ROM contains the presentation
abstracts (approximately 250 words
each). I believed that this meeting was a
likely candidate for attempting a com-
putational analysis of the conference
presentations and thus of the entire ge-
ographic discipline. Furthermore, if the
computational result were to be in a vi-
sualization form, the knowledge domain
might become accessible to many users.

We’ve used geographic maps in re-
search, education, administration, and
other areas for centuries, and many
maps have aesthetic values. We might
use knowledge-domain visualizations
in similarly diverse circumstances.
For example,

*in a college-level introductory
course, students might see a disci-
pline’s overall structure;

* researchers engaged in interdiscipli-
nary scientific work might gain quick
understanding of an area outside
their own core domain; and

* funding agencies could use visualiza-
tions to spot emerging research
trends.

To demonstrate this, I processed
2,220 abstracts from the AAG’s 1999
meeting. Cartographic considerations,
especially in symbology choices and
scale issues, influenced the eventual vi-
sualization’s design (see Figures 2 and
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Figure 1. Methodology for deriving a spatialization from a set of conference

abstracts. | employed approaches from information science and computer science to

preprocess text data and train a neural network. Various geometric transformations

then lead up to eventual visualization in a geographic information system. (Courtesy

of the National Academy of Sciences.>)
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Figure 2. Portion of a spatialization of conference abstracts. Five levels of a

hierarchical clustering solution are delineated simultaneously. (Copyright 2004

National Academy of Sciences USA.%)

3). I designed Figure 2 to evoke the no-
tion of an administrative subdivision
consisting of countries, provinces,
counties, and so on. Hierarchical clus-
tering of neurons places them into a
nested cluster structure. To the map’s
users, the structure manifests itself

through a visual hierarchy, with vary-
ing line thickness of cluster boundaries,
different font sizes for cluster labels,
and matching colors for lines and labels
at the same cluster level.

The map-space tessellation that hi-
erarchical clustering provides has obvi-
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Figure 3. Spatialization by means of a term-dominance landscape, combined with
scale-dependent labeling to support semantic zooming. Labeling is based on (a) k=25
and (b) k=100 k-means cluster solutions. (Copyright 2004 National Academy of
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Figure 4. Geographic conference abstract poster. Geography faculty members
discuss their own knowledge domain while facing a large-format visualization
derived from several thousand conference abstracts.

ous advantages. Map users readily rec-
ognize the main intended metaphor
(an administrative regions map). The
nested structure provides simultaneous
display of different cluster levels and
avoids overly complex line work. In an
interactive setting, it easily can imple-
ment scale changes in a cognitively
plausible form. For example, when
changing from a 25- to a 100-cluster
solution during zoom-in, the higher-
level cluster boundaries manifest them-
selves again as lower-level boundaries

and thus provide landmark-type fea-
tures during multiscale exploration.
However, hierarchical clustering’s
consistency and strictness means that
feature space subdivision is far from op-
timal. Of course, the purpose of cluster-
ing is not to find the single best parti-
tion; instead, we are looking for a
partition that is computationally ade-
quate and cognitively supportive of
multiscale exploration. If we use other,
more optimal, computational methods,
then major adjustments to visualization

methods could be necessary. For exam-
ple, /-means clustering tends to pro-
duce feature space partitions that more
closely follow existing high-dimensional
structures, compared with hierarchical
clustering.’ However, different & solu-
tions (for example, k=25 versus k = 100)
compute independently, which means
that simultaneous display of multilevel
boundaries would be too complex visu-
ally. To address this, I experimented
with providing feature space geometry
as an elevation field derived through a
term-dominance landscape. I overlay k-
means clusters with boundary lines
switched off, and cluster locations ap-
proximated by placing cluster labels
near respective centroids (see Figure 3).
Thus, multiscale exploration is based on
recognition of major mountain ranges,
peaks within these ranges, and so forth.

Generally, researchers have considered
interactivity to be crucial to any infor-
mation visualization.’” One of my goals
was to demonstrate that such a view of
information visualization could be too
narrow. As an example, I use geographic
maps in various forms of geographic dis-
course. First, when soliciting citizen in-
put about land-use zoning changes dur-
ing a town-hall meeting, the geographic
depiction of existing and planned land
use doesn’t serve only as illustration.
These maps also enable (by establishing
a shared geographic reference, such as a
neighborhood’s extent) and then shape
discourse among decision makers and
those potentially affected. Also, consider
how a large wall map helps frame the in-
troduction to a certain geographic prob-
lem in a college-level geography course.
While such visualizations are static, they
still encourage interaction among view-
ers and with the map itself, which might
not physically change, but nevertheless
allows fresh discovery and reflection of
structures and relationships every time
someone views it.
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Closing the Digital Gap in Underdeveloped Regions

Attaining Research Extensive University Status in Puerto Rico: Building a Competitive Infrastructure
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Figure 5. Visualization of a search for documents containing “computing” and “sciences” in the US National Science
Foundation’s online database. (a) The global map constructed from all matching grants and (b) specific locations and titles of

grants within a smaller region.

To demonstrate that knowledge-
domain visualizations could serve simi-
lar purposes and be used in similar ways,
I experimented with poster-size prints
derived from the same data set of geo-
graphic conference abstracts. Figure 4
shows one possible scenario. A group of
geography professors are discussing
(possibly rediscovering) their own disci-
pline, while faced with a visualization
that simultaneously shows broad subdi-
visions and finer structures within the
geographic knowledge domain.

Visualizing Grant Abstracts

Organizations engaged in providing
funds for scientific research receive
thousands of grant proposals each year.
To those applying, it is often difficult to
clearly understand the kinds of topics an
agency supports and how topical sup-
port structures might have changed over
time. The growing trend toward inter-
disciplinary research makes it more im-
portant to gain a broad perspective.
Likewise, funding agencies want to
track the relative success of previously
funded work, to assess relative merit of
new proposals and detect patterns in the
impact of different researchers and re-
search approaches. In the corporate
arena, venture capitalists might want to
put a startup company’s vision into the
context of overarching trends as re-
flected by recently funded research. In
all of these scenarios, research-grant in-
formation visualization could be an im-

portant tool for decision making. In-
deed, this has become a growing area of
investigation among information scien-
tists and digital library specialists.5

To develop a grant abstracts visual-
ization example, I started by querying
the US National Science Foundation
site (www.nsf.gov) for grants contain-
ing certain terms (in this case, “com-
puting” and “sciences”) and parsed the
query response into an XML file. This
was input to a process very similar to
the one Figure 1 shows. One important
difference was that I used stemming to
reduce all words to root forms.

After filtering out low-frequency
terms (to reduce overall dimensionality
in the vector space model) and also re-
moving abstracts with very low term
counts (that s, very short abstracts with
too little substantive content), 162 grant
abstracts went into the visualization.
Following SOM training, I computed
k-means cluster solutions and a term-
dominance landscape and used ArcGIS
for the final symbolization (Figure 5).

Despite the small number of input
documents, meaningful structures
emerge. In the upper left and center of
Figure 5a are core computing topics
(distributed and cluster computing); in
the lower left are more applied, com-
puting topics, such as fluid and temporal
modeling of various kinds and optimiza-
tion procedures. Applications of com-
puting to biological topics occupy a dis-
tinct location in the bottom right-hand

corner. Finally, the upper-right quadrant
is occupied by educational topics.
Figure 5b’s zoomed-in view shows
the region labeled “faculti, laboratori,
minor.” The curious word endings hark
back to the stemming algorithm—for
example, “minor” derived from such
terms as “minority” or “minorities”.
Grants that address historically evolved
inequities in scientific computing
mostly occupy this region. Titles such
as “Closing the Digital Gap in Under-
developed Regions” or “Attaining Re-
search Extensive University Status in
Puerto Rico: Building a Competitive
Infrastructure” are indicative of this.
The Experimental Program to Stimu-
late Competitive Research (EPSCoR;
www.ehr.nsf.gov/epscor) program aims
to increase research resources for states
with historically small federal funding,
represented here by proposals from
Mississippi and South Carolina.

isualization of scientific writing

for science education, manage-
ment, and funding is an interdiscipli-
nary endeavor that I expect will gain
importance in the future. In May 2003,
the National Academy of Sciences
hosted a Sackler Symposium dedicated
solely to the mapping of knowledge do-
mains.” Participants represented the
full spectrum of activities in this area,
from those working on fundamental
techniques for information extraction
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and organization to large-scale imple-
mentations of such techniques for do-
main-specific repositories. An example
of the latter is the application of a ma-
chine-learning approach to an online
repository of several hundred thousand
articles dealing mostly with physics
(www.arxiv.org).® Several visual tech-
niques also were discussed, ranging
from the type of visualizations shown
here to highly interactive methods.
Today, visualization has emerged as
one of the principal strategies for deal-
ing with data glut. On the other hand,
the continued dominance of ranked lists
as the primary output from search en-
gines—as opposed to holistic, map-like
displays—demonstrates that this ap-
proach still has a long way to go. I've
shown that one secret for compelling vi-
sualizations might be the deliberate
combination of intense computation
coupled with traditional cartographic
design approaches. In this context,
many research issues might benefit from
ongoing cartographic and geographic
involvement. Fundamental questions
remain to be answered about the use of
map metaphors, especially regarding
their cognitive plausibility when dealing
with non-geographic, high-dimensional
data. We also need to learn how to bal-
ance the number of items to be dis-

played with the available display space,
drawing inspiration from methods of
abstraction used in geographic maps. As
we implement semantic zooming, the
determination and display of appropri-
ate label terms remains another impor-
tant issue. More than anything else, the
prime factor contributing to the ongo-
ing development and success of knowl-
edge-domain visualizations will be the
continued nurture of cross-fertilization
and collaboration among various scien-
tific disciplines. s
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