Generation of Large-Scale Maps of

Science and Associated Indicators

Kevin W. Boyack
Sandia National LLaboratories
May 8, 2006

Slides of national strengths, courtesy of my
collaborator, Richard Klavans, SciTech

Strategies, Inc.

Astrophysics
Quantum

hysics
70 &
. d‘ @is R

2 O O Ma?erlals
Computer ([ O Math /O ; = @E}
Science (~ 8 o \_/ @Q @00 52 o4 Physical
EE re “ B Chemistry
(IO )
Busmess (\ Flui i ﬁ(
Mechanics’ e

@5
¢ \Esychol@%

@) o\ 7

o @ Brain Earth Sciences
@Qgelhosmence Y S0

@ C ;g

Health Care .QQ)
C O O

%{IOUS

Diseases

2
Virology

Orgach

Chemistry

Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company,
for the United States Department of Energy under Contract DE-AC04-94A1.85000.




‘ Collaborators

» Richard Klavans, SciTech Strategies, Berwyn, PA

— Science maps, indicators, past 3 years

— National science strategy slides (later) are his

» Katy Borner, Indiana University, SLIS

— Early science maps, past 5 years

» George Davidson, Shawn Martin, SNL

— Related studies (genomics, clustering, text mining) using VxInsight,

VxOrd




‘ Historical Overview

» Mid-to-late 1990s — Desire to map all of science to better guide
the S&T enterprise at Sandia
— Meetings with ISI
— Internal funding (LDRD) of VxInsight visualization tool
— Never got there; limited to maps of ~50,000 documents

» 2003-2005 — Key advances

— VxOrd graph layout tool structures re-written to enable graph layout of
millions of nodes

— Boyack and Klavans meet in 2003, exchange ideas, and start working
together to map “all of science and technology”

— We can now create yearly maps of the ISI data, link yearly maps
together, and calculate indicators at the “cluster of papers” level




‘_ Outline

» Goals and uses of science maps

» Background and terminology

» Recent evolution in science mapping (Boyack & Klavans)
— First validation study at the journal level
— Three maps at the paper level

— Opverlay of indicators, distributions on map substrates

» Places & Spaces exhibit




Goals of Mapping Science

» Provide a better basis for evaluation and planning of R&D

Past efforts break the S&T into few (e.g. 7) categories with little detail
Our methods generate indicators of potential impact at “research community”
levels, which enable better

» national comparisons

» institutional comparisons

» evaluation of potential partners

> ...

> In general, mapping science is aimed to enable better R&D through:

Identification and evaluation of current work in a global context
Identification and evaluation of proposed work in a global context
Identification of highly-ranked communities in areas related to current work

Identification of research entry points (or potential collaborators) and emerging
applications 1n specific areas of focus

Identification of opportunity and vulnerability using institutional comparisons

Better understanding of the innovation process and better anticipation of future
trends




‘ Uses of Science Maps

» Future possibilities
— Create data mining system and interface to make “research community”
data available to all Sandians
»Find the communities they are currently a part of
»Explore communities they might want to join
» Metrics and indicators
— Explore innovation pathways

» Add funding and grants, patents, VC holdings, etc. to link the entire idea-to-
product pathways

»Map known innovation case studies onto the data; identify promising graph
patterns tied to known innovation

» Prediction by applying known patterns to current partial patterns
— Science education through map-based discovery

»Innovation case studies ate discovery-based stories; ways to educate using
these maps could be a natural by-product of innovation studies




Sandia Mapping Process
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‘ Bibliographic Coupling & Co-citation

» Bibliographic coupling occurs when two o
papers (or journals) have common elements bib coupled
in their reference lists or bibliographies [‘ ’

— Used to create maps of current science é
PAPERS
» Co-citation occurs when two papers (or hand 2 are

journals) are cited by a subsequent paper @

CR)

— Used to create maps of earlier or past science




‘ Terminology

» Current map — one based on bibliographic coupling where all
objects are “current” fileyear papers

» Reference (or base) map — one based on co-citation where all
objects are reference papers that were co-cited above a given
threshold by the “current” fileyear papers

» Disciplinary map — a journal map
» (Sub)discipline — a cluster of journals in a journal map

» Research community — a cluster of papers on the same topic

— can be either a current community or a base (reference) community

» Paradigm — a supercluster of reference papers

— paradigms are created by 3 recursive clusterings of the reference papers




‘ Context 1s Critical

» Science maps provide a quantitative way to break up the

literature into communities that are amenable to examination and
comparison

» Comparison should be done at the community level or higher
(not at the paper level)

» Communities provide context for comparison

— when comparing institutions, nations, etc., communities and paradigms
show relative investment strategies and strengths rather than lumping
together uncommon things and reducing to one number

— this provides for greater richness in the analysis and better characterization
as to what is really going on, and how to take advantage of it




‘ Strategy

» Develop and validate process, methods, and algorithms at small
scale (~7k objects)
— Macromodel

— Using ISI citation data, create disciplinary maps of science using journals

(~7000 titles)

— Validate using the known journal categorization structure

» Employ validated process, methods, and algotithms at larger
scale (~1M objects)
— Micromodel
— Create paper-level (~1M annually) maps of science from ISI citation data
— Validate detailed maps at local structural levels where possible

— Calculate indicators and metrics at the cluster or community level




‘ Validation Study: Macromodel Process

» ldentify individual journals

» Calculate similarity between journals from Cordaton T
imilarities ¢ o
inter-citation data and co-citation data —» 9:‘:
records ”
Nof
» Use VxOrd to determine coordinates for S e
each journal g
< o o%@ Qﬁ,e
e
. o &e°§
» Generate cluster assignments (k-means) \ )
» Validate against ISI journal category
assignments o Co-citation
. Inter-citation 1 and 2 are
— S1mple yes /no 1 cites 2 co-cited
—

— Entropy measure

X
CR3




Co-citation Inter-citation

Comparison

Journal Citation Data
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Macromodel: Different Similarity Metrics

» ISI file year 2000, SCIE and SSCI

» Ten different similarity metrics

— 6 Inter-citation (raw counts,

cosine, modified cosine,
Jaccard, RF, Pearson)

— 4 Co-citation (raw counts,
cosine, modified cosine,
Pearson)

» Inter-citation gives structure based
on current citing patterns

» Co-citation gives structure based
on how science is currently used

Boyack, K.W., Klavans, R., & Borner, K.
(2005). Mapping the backbone of science.
Scientometrics 64(3), 351-374.
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‘ Accuracy & Validation

» Lots of effort and work to validate and calculate the accuracy of
these methods at the journal and paper levels

— 3 published articles, 1 conference paper




Macromodel: “Best” Map

» Each dot is one ¥
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Macromodel: Structural Map

» Clusters of journals
denote disciplines

> Lines denote
strongest relationships
between disciplines

» Enables disciplinary
diffusion studies

» This map implies that
there is something in
the CENTER of

science

» Closer inspection
suggests this is wrong

Boyack, K.W., Klavans, R., & Borner, K.
(2005). Mapping the backbone of science.
Scientometrics 64(3), 351-374.
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Macromodel: Clustering Clusters

» During ordination, we
notice a ring structure

» VxOrd is a space

Mathematics
filling algorithm; Computer Science A et
things in the “middle” o :
Social Science \
have backfilled empty . Chemistry
space Psychology “g
AR
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o ) Neurology /ff
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Three Maps

(1)
2002 Science Map
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‘ (1-2) Literature Maps: Multi-step Process

» Calculate a “disciplinary model” using journal-level maps of
science and technology
— bibliographic coupling

» Calculate a “research community model” (where research
communities are clusters of papers), and locate them on the
disciplinary map

— bibliographic coupling




‘ Disciplinary Model

» ldentify individual journals (~10,000)

» Calculate similarity between journals from
bibliographic coupling of reference data
— Coupling at the paper level

— Aggregate coupling counts at the journal level

> Use VxO1d to determine cootrdinates for
each journal

» Generate cluster assignments using a

moditied single-link algorithm

» Reaggregate coupling counts at the journal
cluster level and “cluster the clusters”

Correlation matrm
Similarities 986
between ‘
records Q'Q
8(6) s
Browsable MAP Ordination
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‘ Research Community Model

» ldentify individual papers (~1,000,000)

» Calculate similarity between papers from
bibliographic coupling of reference data

» Use VxOrd to determine coordinates for
each paper

» Generate research community (cluster)
assignments using a modified single-link
algorithm

» Calculated research community positions
based on the journal distribution in each
community using the coordinates from the
disciplinary map

Correlation matrm
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(1) Disciplinary Science Model - Details

» Uses combined SCIFE./SSCI from
2002

— 1.07M papers, 24.5M
references, 7300 journals

— Bibliographic coupling of
papers, aggregated to journals

> Initial ordination and clustering of
journals gave 671 clusters

» Coupling counts reaggregated at
the journal cluster level; ordination
of journal clusters

— (x,y) positions for each journal
cluster

— by association, (x,y) positions
for each journal
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(1) Research Community Model - Details

» Uses combined SCIFE./SSCI from
2002

— 1.07M papers, 24.5M
references, 7300 journals
— Bibliographic coupling of
papers
> Initial ordination and clustering of
journals gave 96,500 clusters for

731,000 papers

— The other 340,000 papers are
editorials, book reports, etc.

that have no citation links v 0 L SR
(~15 papers) ey

» Cluster positions calculated from
journal positions on the
disciplinary map




(1) Research Community Model - Details

» Uses combined SCIFE./SSCI from
2002

— 1.07M papers, 24.5M
references, 7300 journals
— Bibliographic coupling of
papers
> Initial ordination and clustering of
journals gave 96,500 clusters for

731,000 papers

— The other 340,000 papers are
editorials, book reports, etc.
that have no citation links

» Cluster positions calculated from
journal positions on the
disciplinary map
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(1) Side-by-Side
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(major relationships shown)
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The Structure of Science

The Social Sciences are the smallest and
mast diffuse of all the sciences. Psychology
serves as the link between Medical Sciences
(Psychiatry) and the Social Sciances. Statistics
serves as the link with Computer Science

and Mathematics.

Socio-Political =

Economics

Psychiatry

- Radiology

General
Medicine

The Medical Sciences include broad therapeulic =
studies and targeled areas of Treatment (e.g. central
nenvous system, cardiology. gastroenteralogy, elc.)

Unlike Physics and Chemistry, the medical disciplines

ara more spread out, suggesting a more multi-
disciplinary approach to research, The lransition into
Lifa Sciancas (via Animal Sciance and Binchamistry)
is gradual,

/ I'm'munnlngy

i5 our star‘tlrlg polnt the purest of all sciences. It lies at the outer edge of the map.
g, and Optics are applied sciences that draw upon
kmwledge in Ma!hernallt'.s EI"Id F'hysms. These three disciplines provide a good example of a
linear progression from one 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 im Physics and
v. These disciplines 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 Chemistry are not as distinct as one
might assume.

GeoScience

Enviranment
1) SR

Biology

“Biochemistry S iy

Animal Science

The Life Sciences, including Biology and
Biochemistry, ara 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
Biachemistry is very interesting in that it

is a large discipling Ihat has visible links

to disciplines in many areas of the map,
including Biclogy, Chemistry, Neuroscience,
and General Medicine. It is perhaps the
maost interdisciplinary of the sciences.

Infectious Disease

We are all familiar with traditional maps that show the relationships between countries, provinces,
states, and cities. Similar relationships exist between the various disciplines and research topics in
seience. 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 patternsin 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 (VxCrd|
from the citation patterns in 800,000 scientific 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 (9 on average) that are written on the same research topic in a given year, Over
time, communities can be born, continue, split, merge, or die.

The map of science can be used asa tool for science strategy. This is the terrain in which
tions and institutions locate their scientific capabilities. Additional information about the
c 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
areas of science 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
nanotechnology are concentrated in
siry, and Materials
1. Howewver, many drscmllnes
in the Life and Medical Sciences also
have nanctechnology applications.

Proteomics

Research communities in proteomics

are cenlered in Biochemisiry. In addition,
there is a heavy focus i in the lools ser.uun
of chemistry, such as | | y
The balance of the proteumucs
communities are widely dispersed among
the Life and Medical Sciences.

Pharmacogenomics

BSCOg mics is & ively new
feid with most of its activity in Medlcme
It also has many communities in
Biochemistry and two communities in
the Social Sciences.




(1) Identifying Opportunities/ Threats

(36 Research Communities that will impact GI Research...
that GI Researchers are least likely to be aware of)
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(1) Identifying Core Competency

Funding patterns of the US Department of Energy (DOE)
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(1) Identifying Core Competency

Funding patterns of the National Science Foundation (NSF)
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(1) Identifying Core Competency

Funding patterns of the National Institutes of Health (NIH)

+ +
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‘ (1) Funding Overlays

» DOE — simple lookup of author institutions (LANL, LLNL,
SNI, ANL, BNL, LBL, ...)

» NIH and NSF: Used RaDiUS data from 1999

— matched funded PI and institution from 1999 funding data
— to first author and institution from the 2002 ISI publication data
— not comprehensive, but representative

— undercounts actual funding profiles (e.g. if PI wasn’t first author, if
publications appeared earlier or later than 2002, ...)

— some false hits — could use text analysis to narrow further




‘ Two Indicators

» Scientific vitality — a measure of the speed at which a group of

researchers reaches consensus about major improvements
— calculated from the reference ages of a community of papers
— identifies communities that build upon more recent work

— high vitality communities are quicker to incorporate recent research

findings
» Patent yield

— identifies communities that yield patents, and thus contribute directly to
the economy

— can be expressed in patents/paper




(2) Disciplinary S&T Model - Details

» Uses combined SCIFE./SSCI/ISI
Proceedings from 2003

— 7445 journals, 1198 proceedings

— Journals, proceedings treated
equivalently

— Bibliographic coupling of
papers, aggregated to journals

» Initial ordination and clustering of
journals gave 852 clusters

» Same two step process as used on
the science map

» Each paper cluster assigned to a
journal cluster; comparisons made
on the structural map

Math
Law '
Policy Statistics Ry ,,ﬁ:omputer Tech
. = Sl
Economics S M,
! CompStis, & Phys-Chem
Educatiori?. Vision  physics " Chemjstry
Peyenoloo. " rain gy .
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Fo ) " ", Biolo
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A [ Microbiology
el Zakhl Plant
w "sCancer 4 .
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Science only (jnls)

2

S&T (jnls + conf)




S&T Model - Details
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(2) D

» Uses combined SCIE/

SSCI/ISI Proceedings

from 2003
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, proceedings
treated equivalently

— journals

— Bib coupling of journals

> Initial ordination and

clustering of journals gave

852 clusters

Brain/Neure

» Coupling counts

reaggregated at the journal

cluster level; ordination of

journal clusters

— (x,y) positions for each

journal cluster, journal




(2) Research Community Model - Details

» Uses combined SCIE/
SSCI/ISI Proceedings Math
from 2003 5

— 997,775 papers from
8643 sources
— Bib coupling of
papers
» Initial ordination and

clustering of journals
gave 117,433 clusters /
communities

Social
Sciences

» Cluster positions
calculated using journal
positions from the
disciplinary map
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Communities Have a Topic Focus

Summary for cluster community 85407

Papers Found in Community:

Journal Paper Title =~ Weight
VACCINE Vaccine prevention of meningococcal disease, coming soon? 0)

ARCH PATHOL LAB MED Evaluation, of a diagnostic polymerase chain reaction assay for Neisseria meningitidis
in North America and field experience during an outbreak 5)

BRIT MED ] Acquisition of W135 meningococcal carriage in Hajj pilgrims and transmission to household
contacts: prospective study 5)

EMERG INFECT DIS Clonal groupings in serogroup X Neisseria meningitis 4)

J CLIN PATHOL Ultrasound enhanced detection of individual meningococcal serogroups by latex immunoassay
9
JINFECT DIS Genotype-specific carriage of Neisseria meningitidis in Georgia counties with hyper- and
hyposporadic rates of meningococcal disease 4)
LANCET Development of vaccines against meningococcal disease 4)
VACCINE Avidity maturation following vaccination with a meningococcal recombinant hexavalent PorA OMV

vaccine in UK infants ~ 4)
J CLIN MICROBIOL 5" exonuclease assay for detection of serogroup Y Neisseria meningitidis 4)

EPIDEMIOL INFECT Increase in meningococcal disease associated with the emergence of a novel ST-11 variant of
serogroup C Neisseria meningitidis in Victoria, Australia, 1999-2000  4)

HOSP MED Epidemiology of meningococcal disease 4)

INFECT IMMUN Effect of vaccination with carrier protein on response to meningococcal C conjugate vaccines?)%ﬁd
value of different immunoassays as predictors of protection 4)




(2) Worldwide S&T

Social

Science

u D

Brain/Ne

Circle size — number of topics

Percent conference papers

O 0-25%

O 25-50%
® 50-75%
@® 75-100%




(2) DOE Profile
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(2) Sandia Profile

Math &

Social = /) A P
_ /14 .
Sciences s © ¢ 2%

o 8 e @ 4
A S o o o/
S Qg 00 \e o 5w
O ] @‘”o Lt o® - ¢ o
. Physics9 ‘o - Fagh ¢
.‘ .Q Smences
@ H 0 O. s 7 :)
© jl 3
\ Chemlstry & 7.
N B
e b o
00" 0oy
Brain/Neuro -,
0 jo @ D ’ OO
‘ 8 OO e ’ °®
DR AT 20 ;s Circle size — number of topics
o ~ o 0.

e Vitality (use of newer ideas)
@ >10% more vital than world
© 0-10% more vital than world
(@)
(@)

0-10% less vital than world
>10% less vital than world

41




(2) Univ Texas (System) Profile
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(2) Existing SNL/UT Collaborations

Math

2 TOPICS

g@‘
Douglass RW, NUM HEAT B (2002) 41,211 -
(hexahedral mesh, mesh: geﬁeratlon metal formmg)

Bessette GC, COMPUT METHOD APPL M (2003)
192, 1649 (dual mixed, contact forces frictional
contact ...)

Physics .

2 TOPICS

Burrell KH, PLASMA PHYS CONTR F (2002) 44,

A0253 (quiescent H-mode operation, edge harmonic, RV

MHD oscillation ...)

Colchin RJ, NUCL FUSION (2002) 42, 1134 (H-
mode, L-mode, impurity injection)

4 6

2 TOPICS

Al-Kuhaili MF, APPL PHYS LETT (2003) 82, 1203
(photoreﬂectance RK oscillations, electron gas ...)

Wakeland P 'JELECTRON MATER*(2003) 32, 836
(free-standing silicon, compliant: substrates, SiGe film,
misfit dlslocatnons) L -

Earth |
. Sciences

Circle size — number of topics

Vitality (use of newer ideas)
>10% more vital than world
0-10% more vital than world
0-10% less vital than world
>10% less vital than world

(ONONON




(2) Potential SNL/UT Collaborations

Social

Math «

2 TOPICS

polynomial chaos; Monte Carlo; stochastic finite element;
generalized polynomial (MULTIYEAR)

SNL: Reagan MT, Debusschere BJ, LeMattre OP

UT: Jefferys WH, Babuska |

stress distribution
SNL: Vedula VR

UT: Fang Y

residual stresses; grain boundary; polycrystalline alumina;

4 TOPICS

H mode; energy confinement; Alcator C-Mod; density
profiles; edge pedestal

SNL: Mahdavi MA UT: Horton W

magnetic shear; transport barrier; heating power; ELMy H- K
mode

SNL: Gohil P UT: Hu B

6 TOPICS

molecular beam; beam epitaxy; GaAsN layers; PL intensity
SNL: Klem JF, Choquette KD

UT: Sun X, Deppe DG, Reifsnider JM

AlGaN/GaN HEMTs: breakdown volt e power density;
electron mobility '

SNL: Luo B, Johnson JW UT: Wong MM

Circle size — number of topics

Vitality (use of newer ideas)
>10% more vital than world
0-10% more vital than world
0-10% less vital than world
>10% less vital than world

(ONONON




‘ (3) Article Maps: Multi-step Process

» Successive clusterings of reference papers based on co-citations

— first clustering PAPERS
» 820,000 papers > 53,000 communities 1 and 2 are
coupled

— second clustering

» 53,000 communities > 6,140 levell clusters
— third clustering

» 6,140 levell clusters > 776 level2 clusters [

— VxOrd used to generate layout for 776 “paradigms”

— Current papers assigned to paradigms
— Patents linked to paradigms




(3) Latest Model (Klavans) - Details

» Uses combined SCIE/ SSCI
from 2003

» 3 levels of clustering used
— 820k reference papers
— 53k communities
— 6100 levell clusters
— 776 paradigms
— 760k current papers
» Gives a structure of scientific

paradigms rather than
disciplines

» Indicators calculated at the
“community” level

> Aggregated results displayed at
the “paradigm” level

> Red scale shows average vitality
of different paradigms
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Paradigms with Higher Vitality
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ﬁhat Build on Scientific Paradigms
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Size= Number of Patents
Color=Patent Quality (# Citations — Expected # Citations)/Number of Patents




| Patent/Publication Ratios

-
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Size= #Patents/#Papers (all Paradigms with at least 100 papers)
Color=Patent Quality (see prior slide)
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DOE Labs (79 Paradigms)
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NASA (27 Paradigms)
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An exhibition created for the conference "Mapping Humanity's Knowledge and
Expertise in the Digital Domain® at the 2005 Meeting of the American Association
of Geographers that is updated regularly with new maps and explainations.

Browse Maps Compare & Contrast Maps Connect

Exhibit Purpose and Goals

The Places &

Spaces exhibit has been created to
demonstrate the power of maps.

4n initial theme of this exhibit is to compare and
contrast first maps of our entire planet with the
first maps of all of science as we know it.

Come see with your own eyes the extent to which maps can be employed to help make
sense of the flood of information we are confronted with and how domain maps can be used
to locate comples and beautiful information.

This online part of the exhibit provides links to a selected series of maps and their makers
along with detailed explanations of why these maps work, The physical counterpart supports
the close inspection of high quality reproductions for display at conferences and education
centers. It is meant to inspire cross-disciplinary discussion on how to best track and
communicate human activity and scientific progress on a global scale.

Plac

e

o S & Spac,
rtlugraphy of the

Physical and Abstract

es

Places & Spaces: Mapping
Science

a science exhibit that introduces
people to maps of sciences,
their makers and users.

Exhibit Curators:
Dr. Katy Borner &
Deborah MacPherson




The Power of Maps

Four Early Maps of Our World
VERSUS
Six Early Maps of Science

(15t Lteration of Places @& Spaces Exhibit - 2005)
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How would a map of science look?

What metaphors would work best?




tﬁﬁkpoﬂ

3 lan
- i t y._,‘.piransport

b@“ transport

residenti

oen

rosidunt]

hous o

i‘%ser\lri_g; ‘f %

market
famili  labor
or

I
sustain nd

develop s

sustain e m
s sustain cono

tourism tourism

10 peopl
~coloni .
e oentun natur
j a’?; eopl
pecpl ~ cultur
g natur

Coy,, histor
%
owo Ty histor

. pudlie public
Iandscap-p

e rarkel
L e Ser|Cpf technolog
' s - 5 ~lrade firm %E' process

landscap |2 1 i : 7 s ser\nc prOd % i nlgug str
plae ; f i power oy s produc bl
N T A : i mar ke t i .,  product




The Structure of Science

The Social Sciences are the smallest and
mast diffuse of all the sciences. Psychology
serves as the link between Medical Sciences
(Psychiatry) and the Social Sciances. Statistics
serves as the link with Computer Science

and Mathematics.

Socio-Political =

Economics

Psychiatry

- Radiology

General
Medicine

The Medical Sciences include broad therapeulic =
studies and targeled areas of Treatment (e.g. central
nenvous system, cardiology. gastroenteralogy, elc.)

Unlike Physics and Chemistry, the medical disciplines

ara more spread out, suggesting a more multi-
disciplinary approach to research, The lransition into
Lifa Sciancas (via Animal Sciance and Binchamistry)
is gradual,

/ I'm'munnlngy

i5 our star‘tlrlg polnt the purest of all sciences. It lies at the outer edge of the map.
g, and Optics are applied sciences that draw upon
kmwledge in Ma!hernallt'.s EI"Id F'hysms. These three disciplines provide a good example of a
linear progression from one 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 im Physics and
v. These disciplines 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 Chemistry are not as distinct as one
might assume.

GeoScience

Enviranment
1) SR

Biology

“Biochemistry S iy

Animal Science

The Life Sciences, including Biology and
Biochemistry, ara 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
Biachemistry is very interesting in that it

is a large discipling Ihat has visible links

to disciplines in many areas of the map,
including Biclogy, Chemistry, Neuroscience,
and General Medicine. It is perhaps the
maost interdisciplinary of the sciences.

Infectious Disease

We are all familiar with traditional maps that show the relationships between countries, provinces,
states, and cities. Similar relationships exist between the various disciplines and research topics in
seience. 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 patternsin 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 (VxCrd|
from the citation patterns in 800,000 scientific 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 (9 on average) that are written on the same research topic in a given year, Over
time, communities can be born, continue, split, merge, or die.

The map of science can be used asa tool for science strategy. This is the terrain in which
tions and institutions locate their scientific capabilities. Additional information about the
c 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
areas of science 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
nanotechnology are concentrated in
siry, and Materials
1. Howewver, many drscmllnes
in the Life and Medical Sciences also
have nanctechnology applications.

Proteomics

Research communities in proteomics

are cenlered in Biochemisiry. In addition,
there is a heavy focus i in the lools ser.uun
of chemistry, such as | | y
The balance of the proteumucs
communities are widely dispersed among
the Life and Medical Sciences.

Pharmacogenomics

BSCOg mics is & ively new
feid with most of its activity in Medlcme
It also has many communities in
Biochemistry and two communities in
the Social Sciences.




The Power of Reference Systems

Four Existing Reference Systems
VERSUS
Six Potential Reference Systems of Science

(2" Iteration of Places & Spaces Exchibit - 2006)




The Visual Elements Periodic Table
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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

i B the 820,000 papers referenced most often in 2003. Clustering at each level
P 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.

ntum

‘- C ic_.

Py | ---!\qagrial's- : v
) URESEY Y Refhvic
1 - Fluid o U8

@  Mechanics P -

\ 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-

C 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.

Mathematics

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 é rings. This
allows the position of each paradigm to be codified
and available for lookup; for instance Fluid
Mechanics paradigms are in grid B3.

'A Earth
Ecology )  Sciences

. 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

e * consensus is reached relatively slowly. This is a common
4 Vitality Scale phenomenon in the social sciences, ecological sciences,

. Average or less computer sciences, and mathematics disciplines. The

; .V @ High red circles represent communities of researchers where
.' - @ Very high consensus is reached relatively rapidly. This is more
{ commeon in physics, chemistry, biochemistry, and many medical

2 disciplines. Very dark circles (such as those in Astrophysics, L5-6)
represent communities where consensus is reached extremely quickly.

Plant Sciences

" Circle size = Paradigm size

E 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.




places-roughcut2 mov

File Edit Movie Fav

W. Bradford Paley
Scientific Mapmaker

Digital Image Design Incorporated
Dept. of Computer Science, Columbia University

———————————————————————————————————————————————————————————————————————————————,
gy — — ——

"Places & Spaces: Mapping Science"
on display at the NYPL Science, Industry, and Business Library
Madison/34th, New York City
April 3rd - August 31st, 20006.




Nanotechnology

This overlay shows the distribution
of nanotechnology within the para-
digms of science. The majority of
current work in nanotechnology
takes places in physics, chemistry,
and materials science, at the upper
right portion of the map. However,
an increasing amount of nanotech-
nology is being applied in the bio-
logical and medical sciences, at the
lower right.

Nanotechnology

Science on the tiny
scale of molecules
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Nanotechnology

This overlay shows the distribution
of nanotechnology within the para-
digms of science. The majority of
current work in nanotechnology
takes places in physics, chemistry,
and materials science, at the upper
right portion of the map. However,
an increasing amount of nanotech-
nology is being applied in the bio-
logical and medical sciences, at the
lower right.
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‘ Final Statements

» Maps of science have come a long way recently

» We believe that the ring structure of science is real, and emergent
from some fundamental properties of the way nature is
organized (here’s a research topic for someone)

» Science maps provide substrates to overlay a variety of
actionable information

> Indicators at the community level enable decision making
— For a graduate student — which community should I join?

— For a funding agency — which communities should I fund?
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