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Collaborators

Richard Klavans, SciTech Strategies, Berwyn, PA
– Science maps, indicators, past 3 years
– National science strategy slides (later) are his

Katy Börner, Indiana University, SLIS
– Early science maps, past 5 years

George Davidson, Shawn Martin, SNL
– Related studies (genomics, clustering, text mining) using VxInsight, 

VxOrd
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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
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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
– Overlay of indicators, distributions on map substrates

Places & Spaces exhibit
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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 in specific areas of focus
– Identification of opportunity and vulnerability using institutional comparisons
– Better understanding of the innovation process and better anticipation of future 

trends
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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 are discovery-based stories; ways to educate using 
these maps could be a natural by-product of innovation studies
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Sandia Mapping Process
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Bibliographic Coupling & Co-citation

Bibliographic coupling occurs when two 
papers (or journals) have common elements 
in their reference lists or bibliographies
– Used to create maps of current science

Co-citation occurs when two papers (or 
journals) are cited by a subsequent paper
– Used to create maps of earlier or past science
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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
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Context is 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
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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 algorithms 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
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Validation Study: Macromodel Process

Identify individual journals

Calculate similarity between journals from 
inter-citation data and co-citation data

Use VxOrd to determine coordinates for 
each journal

Generate cluster assignments (k-means)

Validate against ISI journal category 
assignments
– Simple yes/no
– Entropy measure
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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., & Börner, 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
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Macromodel: “Best” Map
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Boyack, K.W., Klavans, R., & Börner, K.
(2005). Mapping the backbone of science. 
Scientometrics 64(3), 351-374.
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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., & Börner, 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 
filling algorithm; 
things in the “middle”
have backfilled empty 
space

Cluster the clusters to 
mitigate this effect
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Three Maps
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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
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Disciplinary Model

Identify 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 VxOrd to determine coordinates for 
each journal

Generate cluster assignments using a 
modified single-link algorithm

Reaggregate coupling counts at the journal 
cluster level and “cluster the clusters”
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Research Community Model

Identify 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
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(1) Disciplinary Science Model - Details

Uses combined SCIE/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 SCIE/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) Research Community Model - Details

Uses combined SCIE/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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(1) Identifying Opportunities/Threats
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(1) Identifying Core Competency
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(1) Identifying Core Competency
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(1) Identifying Core Competency
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(1) Funding Overlays

DOE – simple lookup of author institutions (LANL, LLNL, 
SNL, 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
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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
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(2) Disciplinary S&T Model - Details

Uses combined SCIE/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
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(2) Disciplinary S&T Model - Details

Uses combined SCIE/ 
SSCI/ISI Proceedings   
from 2003
– 7445 journals, 1198 

proceedings
– journals, proceedings 

treated equivalently
– Bib coupling of journals

Initial ordination and 
clustering of journals gave 
852 clusters

Coupling counts 
reaggregated at the journal 
cluster level; ordination of 
journal clusters
– (x,y) positions for each 

journal cluster, journal
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Uses combined SCIE/ 
SSCI/ISI Proceedings 
from 2003
– 997,775 papers from 

8643 sources
– Bib coupling of 

papers

Initial ordination and 
clustering of journals 
gave 117,433 clusters / 
communities

Cluster positions 
calculated using journal 
positions from the 
disciplinary map
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(2) Research Community Model - Details
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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? 6)
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 J 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

4)
J INFECT 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 and 
value of different immunoassays as predictors of protection 4)
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(2) Worldwide S&T

Circle size – number of topics

Percent conference papers
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(2) DOE Profile
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(2) Sandia Profile
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(2) Existing SNL/UT Collaborations

Math

CS

Physics

Chemistry

Biology
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Medical
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Social
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

2 TOPICS

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

Wakeland P, J ELECTRON MATER (2003) 32, 836   
(free-standing silicon, compliant substrates, SiGe film, 
misfit dislocations)

2 TOPICS

Burrell KH, PLASMA PHYS CONTR F (2002) 44, 
A0253   (quiescent H-mode operation, edge harmonic, 
MHD oscillation …)

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

2 TOPICS

Douglass RW, NUM HEAT B (2002) 41, 211   
(hexahedral mesh, mesh generation, metal forming)

Bessette GC, COMPUT METHOD APPL M (2003) 
192, 1649   (dual mixed, contact forces, frictional 
contact …)
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(2) Potential SNL/UT Collaborations

Math

CS

Physics

Chemistry

Biology
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Medical
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Sciences

Social
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

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 voltage; power density; 
electron mobility
SNL: Luo B, Johnson JW UT: Wong MM

… …

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-
mode
SNL: Gohil P UT: Hu B

… …

2 TOPICS

polynomial chaos; Monte Carlo; stochastic finite element; 
generalized polynomial (MULTIYEAR)
SNL: Reagan MT, Debusschere BJ, LeMaitre OP
UT: Jefferys WH, Babuska I

residual stresses; grain boundary; polycrystalline alumina; 
stress distribution
SNL: Vedula VR UT: Fang Y
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(3) Article Maps: Multi-step Process

Successive clusterings of reference papers based on co-citations
– first clustering 

820,000 papers > 53,000 communities
– second clustering 

53,000 communities > 6,140 level1 clusters
– third clustering

6,140 level1 clusters > 776 level2 clusters

– VxOrd used to generate layout for 776 “paradigms”

– Current papers assigned to paradigms
– Patents linked to paradigms

2

PAPERS
1 and 2 are

coupled

1

3



46

(3) Latest Model (Klavans) - Details

Uses combined SCIE/ SSCI 
from 2003

3 levels of clustering used
– 820k reference papers
– 53k communities
– 6100 level1 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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Patents that Build on Scientific Paradigms 

Size= Number of Patents
Color=Patent Quality (# Citations – Expected # Citations)/Number of Patents
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Patent/Publication Ratios 

Size= #Patents/#Papers (all Paradigms with at least 100 papers)
Color=Patent Quality (see prior slide)
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Pajek

Chem-bio interface
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Applied 
Physics

Chemistry

Math
Computer 
Science

Quantum 
Physics

Earth Sciences

Astro- Physics

Fluid 
Mechanics

Ecology

Materials

DOE Labs (79 Paradigms)
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Computer 
Science

Materials

Earth Sciences

Astro- Physics

Fluid 
Mechanics

Ecology

NASA (27 Paradigms)
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Places & Spaces: Mapping 
Science 
a science exhibit that introduces 
people to maps of sciences, 
their makers and users.

Exhibit Curators:
Dr. Katy Börner & 
Deborah MacPherson

55
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The Power of MapsThe Power of Maps

Four Early Maps of Our World Four Early Maps of Our World 
VERSUS VERSUS 

Six Early Maps of ScienceSix Early Maps of Science

(1st Iteration of Places & Spaces Exhibit (1st Iteration of Places & Spaces Exhibit -- 2005)2005)
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How would a map of science look?

What metaphors would work best?
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The Power of Reference SystemsThe Power of Reference Systems

Four Existing Reference Systems Four Existing Reference Systems 
VERSUS VERSUS 

Six Potential Reference Systems of ScienceSix Potential Reference Systems of Science

(2(2ndnd Iteration of Places & Spaces Exhibit Iteration of Places & Spaces Exhibit -- 2006)2006)
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"Places & Spaces: Mapping Science""Places & Spaces: Mapping Science"
on display at the NYPL Science, Industry, and Business Library on display at the NYPL Science, Industry, and Business Library 

Madison/34th, New York CityMadison/34th, New York City
April 3rd April 3rd -- August 31st, 2006.August 31st, 2006.
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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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