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“It is our deep belief that maps of science should show all scholarly works
— published in different disciplines and countries, languages and media.
They should be available to everybody in support of knowledge access,
management, and utilization.

Translating many of the maps and their descriptions into Chinese and
adding maps of Chinese research activity are major milestones towards
this goal.

We thank the National Science Library of the Chinese Academy of
Sciences for all their support in bringing the exhibit to China and we are
looking forward to future collaborations.”

The Curators of the Exhibit

Dr. Katy Birner Elisha F. Hardy
Cyberinfrastructure for Network Science Center
School of Library and Information Science, Indiana University, Bloomington, US A
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The Structure of Science

The Social Sciences are the smallest and

most difiuge of all the sciences. Psychology
serves as the link between Medical Sciences
(Psychiatry) and the Social Sciences, Statislics
serves as the link wilth Computer Science

and Mathematics.

Socio-Political *

Economics

Psychiatry

General
Medicine

Medical Treatments

The Medical Sciences include broad therapeutic =

studies and targeted areas of Treatment (e.g. central
nervous system, cardiology, gasiroenterology, elc.)

Unlike Physics and Chemistry, the medical disciplines

are more spread out, suggesting a more multi-
disciplinary approach to research. The transition into
Lifa Sciences (via Animal Sciance and Biochemistry)
is gradual,

'In'_l'munn!ugy

isour stamng pcunt me purest of all scnences It lies at the outer edge of the map.
i 50 gineering, and Optics are applied sciences that draw upon
kmwledge in Ma!hernallcs and Physics. These three dlsupllnes provide a good example of a
lingar progression from cne pure science (Mathematics) to another (Physics) through multiple
disciplines, Although applied, these disciplines are highly concentrated with distinct bands of
research communities that link them. Bands indicate interdisciplinary research.

Research is highly concentrated in Physics and

/. These digciplines have faw, but very
distinct, bands of research communities that link
them. The thickness of these bands indicates an
extensive amount of interdisciplinary research,
which suggests that the boundaries between
Physics and Chemisiry are not as distinct as one
might assume.

GeoScience

En\riranmem

Biology

‘Biochemistry “4 Microbiolo
] gy

Animal Stience

The Life Sciences, including Biology and
Biochemisiry, are less concentrated than
Chemistry or Physics. Bands of linking
research can be seen between the larger
areas in the Life Sciences; for instance
between Biclogy and Microbiclogy, and
between Biclogy and Environmenial Science
jirt- Biochemistry is very interesting in that it

is a large discipline that has visible links

to disciplings in many areas of the map,
including Biology, Chemistry, Neurosciance,
and General Medicine. Itis perhaps the
most interdisciplinary of the sciences.

Infectious Disease

We are all familiar with traditional maps that show the relationships between countries, provinees,
states, and cities. Similar relationships exist between the various disciplines and research topics in
science. This allows us to map the structure of science.

One of the first maps of science was developed at the Institute for Scientific Information over 30
years ago. It identified 41 areas of science from the citation patterns in 17,000 scientific papers.
That early map was intriguing, but it didn't cover enough of science to accurately define its structure.

Things are different today. We have enormous computing power and advanced visualization
software that make mapping of the structure of science possible. This galaxy-like map of science
(left) was generated at Sandia National Laboratories using an advanced graph layout routine {VxOrd|
from the citation patterns in 300,000 scicntific papers published in 2002, Each dot in the galaxy
represents one of the 96,000 research communities active in science in 2002, A research community
is a group of papers (% on average) that are written on the same research topic in a given year. Owver
time, communities can be born, continue, split, merge, or die.

The map of science can be used as a tool for science strategy. This is the terrain in which

ons and institutions locate their scientific capabilities. Additional information about the
seientific and economic impact of each research community allows policy makers to decide which
areas to explore, exploit, abandon, or ignore.

‘We also envision the map as an educational tool. For children, the theoretical relationship between
arcas of scicnce can be replaced with a concrete map showing how math, physics, chemistry, biology
and social studies interact. For advanced students, areas of interest can be located and neighboring
areas can be explored.

Nanotechnology

Most research communities in
nanotechnnlogy arg ooncanuamd in

/ siry, and 1
Hnwevm many drscmllnes
] 1he L-re and Medical Sciences also
hawe nanctechnology applications.

Proteomics

Research communilies in proteomics

are centered in Biochemisiry. In addition,
there is a heavy rucus in the lools section
of chemistry, such as C natog

The balance of the proteumucs
communilies are widely dispersed among
the Life and Medical Sciences,

Pharmacogenomics
P genomics is a ively new
field with most of its activity in Medicine.
It also has many communities in
Biochemistry and two communities in
the Social Sciences.




Science can be thought of as containing themes and paradigms. Themes are areas of current
research, while paradigms comprise the dominant tool sets and existing knowledge that

are used by today’s researchers. This map shows 776 major paradigms in science
along with the dominant relationships between these paradigms. Paradigms are
shown as circles; strong relationships between paradigms are indicated by the
lines connecting the circles. The map was created by recursively clustering

B the 820,000 papers referenced most often in 2003. Clustering at each level
was done using VxOrd, a force-directed graph layout routine. These

papers formed 53,000 clusters, 6,100 higher-level clusters, and finally

the 776 paradigms. Although each paradigm contains, on average,

1,000 papers, some are larger and some are smaller, as shown by

different sized circles on the map.

The ring-like structure that is formed by scientific paradigms
is very robust. We find similar structures for different years,
and for maps generated from scientific journals. “The
Structure of Science”, a galaxy map shown in the first
iteration of Places & Spaces, is a map based on clustering
of scientific journals, with superimposition of papers

on the journal structure, whereas this map was gene-
rated directly from highly-cited papers. “The Structure
of Science” shows current science in a disciplinary
context, while this map can show the breadth of
disciplines that contribute to single paradigms.
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Because of the robust nature of the structure of
science and its paradigms, we have placed our

776 scientific paradigms within a reference sys-
tem containing 12 radial slices and 6 rings. This
allows the position of each paradigm to be codified
and available for lookup; for instance Fluid
Mechanics paradigms are in grid B3.

We have also calculated and displayed the vitality

of each paradigm. Vitality is a measure of the

speed at which a group of researchers reaches

T  consensus about major improvements. Paradigms are
constantly being improved, but it usually takes years

to reach consensus about which improvements are

major. The white circles represent communities where

Circle size = Paradigm size : : b
consensus is reached relatively slowly. This is a common

Vitality Scale phenomenon in the social sciences, ecological sciences,

Average or less computer sciences, and mathematics disciplines. The
@ High i red circles represent communities of researchers where
@ Very high consensus is reached relatively rapidly. This is more

common in physics, chemistry, biochemistry, and many medical
disciplines. Very dark circles (such as those in Astrophysics, L5-6)
represent communities where consensus is reached extremely quickly.

T The map of scientific paradigms and its reference system can be
used for multiple purposes. Countries, industries, companies, universities,

and individual researchers can all locate themselves within the map, either

as single points, or as a specific collection of paradigms. Various metrics, such as
vitality, can be overlayed on this reference system to highlight specific impacts.
Science education and personal discovery can also be enhanced by linking stories and
facts to the map that highlight scientific history, current advances and relationships
between scientific paradigms.
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Impact

The United States Patent and Trademark Office does scientists and
industry a great service by i to protect

are dina y that groups patents by indus-
try or use, proximate function, effect or product, and structure. At the
time of this writing there are 160,523 categoriesin a_hierarchy that can
get as deep as 15 levels, We display the first three levels (13,529 catego-
ries) at right in what might be considered a textual map of inventions.

Patent applications are required to be unique and non-obvious, partially
by revealing any previous patents that might be similar in nature or
provide a foundation for the current invention. In this way we can trace
the impact of a single patent, seeing how many patents and categories
it affects.

The patent on Goretex—a lightweight, durable synthetic fiber—is an
example of one that has had significant impact. The box below enlarges
the section of the hierarchy where it is filed, and the red lines (arranged
to start along a time line from 1981 to 2006) paint to the 130 categories
that contain 182 patents, from waterproof clothing to surgical cosmetic
implants, that mention Goretex as prior art.

Prior Art

o United States Patrat o Pt S M B
s o D o P )

CHR VTR TPTS [ S ey

New patents often build on older ideas from many categories. Here, blue
lines originate in sixteen different categories that contain the patents cited
as prior art for a patent on "gold nanoshells” Gold nancshells are a new
invention: tiny spheres (with a diameter ten million times smaller than a
human hair) that can be used to make tumors more visible in infrared
scans, and have even helped cause complete remission of tumors in tests
with laboratery mice, The Blue lines show that widely separated categories
e bk d for this i

Keeping fsani part of q
any including the patent hierarchy. C i easier to
understand, search, and maintain if they contain elements (patents in this
case) that fit well within the definition of the category. The box above
shows a tiny bar chart, part of a “Taxonomy Validator” that helps people
decide whether categaries are good ones.

Categ, can be redefined or bined, and i need to be split
when they becomes too large; a constant problem shared by many classifi-
cations systems in this information-rich century. But how can we deter-
mine exactly where to split a category in two, for example—if there are
oy 4 of al Py

The Validator a“distance to " haw far each
element Is from an idealized “prototype” element for each bucket. This can
bbe based on statistics, computational comparisons of words, or even
human judgement. A simple bar chart can then show how good a category
is. A good category has lots of small bars; a generally ragged category is
ane that might need scrutiny or while one that has only
one or two tall bars may just mean that one or two elements don't belong.
Even simple visualizations like this can ease knowledge work by showing
the eye much more than can fit into memary as words; focusing people on
just the right issues, and iding a vastly broader backg d PP
more informed judgements.
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