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e What is the nature of

creativity?
i Chaomei Chen .
- * |s creativity measurable?

* |sthere a systematic way to
enhance our creativity?

e Where is the next creative idea
likely to appear?

The goal is not to predict what
exactly will be created, but generic
mechanisms and measurable
properties of such creation.
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The Nature of Creativity

Donald T. Campbell (Psychology)
— Blind variation and selective retention

Albert Rothenberg (Psychology) Some of these theories are

— The Janusian Process instructional — they provide

— To be AND not to be guidance that we can follow.
Hongzhou Zhao(Physics): Others provide no such guidance.

— Elements of knowledge

— Binding of ‘free’ elements of knowledge

— The Yuasa Phenomenon
Ronald S. Burt (Sociology)

— Brokerage as a social capital and a source of good ideas
Our own theory (Information Science)

— Explanatory and computational

— Structural + temporal properties

— Early signs of transformative research



Searching for Growth Points of
Creativity

* Creativity is the friction of the attention space
at the moments when the structural blocks are
grinding against one another the hardest.

Collins (1998, p.76)



Conflicting Thoughts Make Great Philosophers

Collins, Randall (1998) The sociology of philosophers. Cambridge, MA: Harvard
University Press

The philosophers of greatest repute tend to be personal rivals representing
conflicting schools of thought for their generation. p. 76.
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Confucian schools A social-intellectual network of Chinese
10¢ l?c philosophers (400-200 B.C.).

Tseng Tzu ;
(Collins, 1998)
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ALL CAPS (e.g., CHUANG TZU) = major philosopher
Lowercase (e.g., Li Ssu) = secondary philosopher
number = minor philosopher, listed in key (see Appendix 3)
(e.g., 10 is Tzu-yu, founder of school of Confucian disciples) . -
i = incidental person (not known independently of contact with a known philosopher) Han Fei Tou 64 ..

= acquaintance tie

x = unnamed person
C = Confucian school |
Mo = Mohist school '

Li Ssu
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Literature-Based Discovery

For example, Don Swanson’s work:
Given A~B and B~C,
Is A~C a reasonable hypothesis?



Intellectual Turning Points and Paradigm Shifts

WebStart Archive

User Guide Tutorial

Screenshots Publications Videos

User Map

B
T 280 2377 FrhiEA S
- 327350 SH WA
o S o
‘-a_ ISyH -

Chen, C. (2004) Searching for intellectual tummg points: Progressive Knowledge Domain Visualization. Proceedings of the
National Academy of Sciences of the United States of America (PNAS), 101 (Suppl. 1), 5

303-5310. _
AT | e |
March 13, 2004: Science News Online. Mapping Scientific Frontiers by Ivars Peterson. (Local Copy)

SCIENCE NEWS [T

Jamuary 21, 2004: BioMedNet. Special Report: Mapping intellectual milestones by Helen Dell. (Local Copy)

—
Fuaa

DAl o dklad

hmn com




Structural Holes in Social Networks




Article Article Article

Research
Front

29
r.-T
®
o

Intellectual
Base

Cluster A Cluster B

Cross-cluster co-citation
Within cluster co-citation
B Citing phrase
Phrase-to-article citation




CiteSpace

Chen, C. (2004) Searching for intellectual turning points. PNAS, 101 (Suppl. 1), 5303-5310

|

Landmark node Pivot nhode

latoe radiils exclusiie joints of clusters

‘ ar hehwori patehes
Hub hode é

latge degles




X Aot
. 5}

(17

Paradigm

{29)
7s11-september
9

21s-response

Turning point

7 . SR ' th-care
‘ o S 1097, EMERG INFECT NS, V3, P83
LMl 0007 JAMA~] AM MED ASSOC, V283, P2281

sgsge‘c‘ vars, pats

WEW AssOC, VaXe, P412
451 AM MED ASSOC, V278, 396

: -_ ED ASEPC, V278, P399

V281, P1735

%=, 80 n l‘-O 23chemical-weapons

]
‘

401 MED ASSOC, V278( P362
CIENCE, V283, P1279

A, 1999, JAMA-J AM MED ASSOC, V281, P2127
Hare. Pads

AM MED ASSOC, V282, P735

ORTH CS, 1999, JAMA

ASSOC, V2es, P581

nited-states

pteinber-11

c-stress-disorder

3 : . %

o 3
B

.

132001



2. What was the major impact or implication of vour article
on subsequent research?

There have been a number of articles that have been pub-
lished after the September 11 attacks, all discussing in some
respect the psychological consequences of those attacks/
potential implications of terrorism. I think our article (a) es-
tablished the importance of terrorist events for population
mental health (b) clearly laid out the fact that persons in the
general population (not just victims) can have psychological
disorders after a mass disaster.
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Farley, KA (2001) An extraterrestrial impact at the Permian-Triassic boundary?

SCIENCE, 293.
Without confirmation of fullerene-hosted 3He in Bed 25, both the occurrence of

an extraterrestrial impact and the cause of the mass extinction at the PTB
must remain open questions.
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A Roadmap Drawn by a Leading Expert in the Field

Geobiology (2007), 5, 303-309 DOI:10.1111/7.1472-4669.2007.00130.x

The End-Permian mass extinction — how bad did it get?
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The Nature of Maldacena-1998

We aked Juan Maldacena to identify the nature of his major contributions
in this article to String Theory.

His reply: “It connected two different kinds of theories: 1) particle theories
or gauge theories and 2) string theory. Many of the papers on string
dualities (and this is one of them) connect different theories. This one
connects string theory to more conventional particle theories.”

TIME 100 Innovator website

— "“he forged a connection between the esoteric formulas of string theory and
the rest of mainstream physics.”

— “he has been able to suggest a way to knit together two theories previously
thought to be incompatible: quantum mechanics, which deals with the
universe at its smallest scales; and Einstein's general theory of relativity, which
deals with the very largest.”

He is the recipient of the 2007 Dannie Heineman Prize for Mathematical
Physics

— “for profound developments in Mathematical Physics that have illuminated
interconnections and launched major research areas in Quantum Field Theory,
String Theory, and Gravity.”

...... made an unexpected connection



Nobel Prize Winning Gene Targeting
A Sticky Effect explains the boundary spanning and
citation burst.

1. Capecchi MR, 19389, Science, V244, P1253
burst=15.78, centrality=0.27, freq=236

i |

2. Mansour SL, 1988, Natre, V336, P348
burst=39.52, centrality=0.15, freq=354

N

3. Thomas KR, 1937, Cell, V51, PS03
burst=35.80, centrality=0.22, freq=268
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An analysis of over 50,000 Science papers suggests that it could
pay to include more references.

Zoé Corbyn

A long reference list at the
end of a research paper
may be the key to ensuring
that it is well cited,
according to an analysis of
100 years' worth of papers
published in the journal
Science.

The research suggests that
scientists who reference
the work of their peers are
more likely to find their own
work referenced in turn,
and the effect is on the
rise, with a single extra
reference in an article now
producing, on average, a
whole additional citation for
the referencing paper.

An easy way to boost a paper's
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number of references," Gregory Webster, the psychologist at the
University of Flonda in Gainesville who conducted the research, told

For a well-cited paper, just add

"There is a ridiculously
strong relationship between
the number of citations a
paper receives and its

number of references," Gregory Webster, the psychologist at the
University of Florida in Gainesville who conducted the research, told
Nature. "If you want to get more cited, the answer could be to cite

more people.”

Nature. "If you want to get more cited, the answer could be to cite
more people.”
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MNew Orleans, LA 70112-2699
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Theories of Discovery =»Three Hypotheses

1. The number of references cited citation ~ number of
by a paper is not the real references cited
reason to explain its
subsequent citations or other World cup ~ Beer
measures of its impact.

2. The conceptual diversity with  Citation = number of topics
respect to the state of the art  synthesized

is more fundamental to its World cup ~ Octopus
potential impact.
3. The novelty, originality, and Citation ~ number of
revolutionary change of previously unexpected
knowledge landscape is an topics synthesized

even more fundamental
predictor for a high citation
count in subsequent years.



€D rareer FE, 1982, AM U MED, V72,P883 «————
cocited by @) MCLAFFERTY RB, 1995, J VASC SURG, V22, P361

St r u Ct u ra I Va ri at i O n @) PORTERIM, 1976, SURGERY, V80, P756 «———

 Modularit &N
O u a rl y { u 1 B . o 21, 52
E % 13‘3 L) 3 al
® I k i ¥ {COREMANIID, 1971, NEW EN
- \ 14
Inter-Cluster Brokerage | o Lo ez
f,,"{; ~ L N . / 2200
. o CATE e O o s I 2
 Centralit ’ — o .
entrality r P : .
: 12 - ‘-*PORTER JM, 1976, SURGERYZ..
15 4 # 4 8 8 % .
g 15 - ! o 10 P 2 25
15 - .
e 15 10 10
15 10 3 s o
Al
Al 2 23
Fd
1 1
M J
9 MCLAFFERTY RB, 1995, ] VASC SURG, V22, P361 citations=14
Modularity Reduced: 0.022048822 %
Centrality Changed: 0.016370589 %
%1 i
=l terrorist attacks -—
SN = | co-citedby @ oddox .. (2000
e i . Bioterrorism: A renewed public
-~ o.*rerror;‘-si%]]‘?crr{tﬁ&;l(ﬂslposm| 9 accidental exposure +——— health threat. Nursing
X TopN=3o/siice  Modularity Reduced: 0.10808237 % Economics, 19, 286 — 231
NSy Centrality Changed: 0.00237439 %

llspff.'ahonf‘.é'cfr ‘
vbiological wagrare

Esthallies ; -
v © cerroristattack co-cited by MATSUDA Y, 1998, TOXICOL
' j Y — APPLPHARMACOL, V150,
0 Tokyosubway ——— P310 (citations=8)
R onst bombing Modularity Reduced: 0.13176936 %

Top N=50/sli
op o Centrality Changed: 0.02280092 % (Not shown in network)



Modularity

Modularity(G U Citations(a))

AModularity(a) = Modularity(G)

o0 _
o0 o




Inter-Cluster Brokerage
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Centrality

* The node centrality of a network G(V, E), C(G),
is a distribution of the centrality scores of all
the nodes, <c,, ¢,, ..., ¢,>, where ¢ is the
centrality of node n, and nis | V|, the total
number of nodes. The degree of structural
change OF can be defined in terms of the K-L

divergence, we denote this metric as A ity



Evaluation

* |If we rank newly published papers by the
significance of unprecedented connections
they added to the existing structure of
knowledge trails, what types of papers would
be highly ranked?
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transformative indicator(d(t)) = . LAG,

citation frequency(d(t)) = 2. LAG,

|

Table 3: The Tests of Between-Subjects Effects®. Data source: 76 papers that cited [3].
Dependent Variable:Citations

Source Type III Sum of Partial Eta
Squares df Mean Square F Sig. Squared
Cotrected Model 112673.351* 4 28168.838 58.578 1000 890
Intercept 2331.753 1 2331.753 4849 036 143
AModularity 801.177 1 301.177 1.666 207 034
ACentrality 4098.309 1 4093.399 3.523 007 227
zlpha 46.711 1 46.711 097 758 003
beta 1263.181 1 1263.181 2.627 116 083
Error 13945 494 29 480879
Total 214646000 34
Cotrected Totzl 126620.845 33
a B Squared = 890 (Adjusted B. Squared = 873)
b. Weighted Least Squares Regression - Weighted by NE
Table 4: Parameter Estimates®
Dependent Variahle:Citations
Parameter 05% Confidence Interval Partial Eta
B Std. Error t Sig. Lower Bound Upper Bound Squared
Intercept 1.541 100 2202 036 110 297 143
AModularity 4.861 3.766 1201 207 -2.841 12.564 034
ACentrality 504,105 203.504 1019 007 177.891 1010.318 227
alpha o1 035 312 758 -.061 083 003
beta -210 130 -1.621 116 - 476 035 083

a Weightad Least Squares Regression - Weighted by NE
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A network of co-cited references derived from 5,135 articles published on small-world networks between 1990-2010. The network of 205 references and
1,164 co-citation links is divided into 12 clusters with a modularity of 0.6537 and the mean silhouette of 0.811. The red lines are made by the top-15 articles
measured by the centrality variation rate.



Table 1. Main effects of structural variation on citations of articles.

AModularity

Inter-Cluster Brokerage

ACentrality

Log(NR)

Log(Length)

Dataset D1: CiteSpace D2: CiteSpace D3: Terrorism D4: Small-World
Direct Citation Related Articles Networks
Duration 2006-2011 2003-2009 1996-2003 1995-2001
# articles 48 2,412 1,049 2,200
References per year 100 100 100 100
Variables B p-level B p-level B | p-level B [ p-level




Conclusions

* Key Questions:
— The key to creativity is the change of a viewpoint.

— How to reveal the evolution trend and critical paths of the development of a
scientific field at both macroscopic and microscopic levels?

— How to synthesize existing studies of scientific discovery and find
characteristics and mechanisms of creative thinking in scientific discovery?

— How to build on the improved understanding of scientific discovery and
establish a new analytic method that stimulates creative thinking more
effectively and more transparently?

* Three Major Research Directions:

— Multiple-Perspective Analysis of Scientific Literature

— Literature-Based Scientific Discovery

— Generic Mechanisms of Creative Thinking in Knowledge Discovery

* Conclusions:

— The key questions have theoretical and practical implications on a wide range
of scientific fields as well as on science policy, strategic planning, and
recognizing potentially transformative research activities.

— The explanatory and computational theory of discovery has the potential and
it can be strengthened further.

— Answering the key questions is a long-term challenging goal.
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Existing literature provides many useful indices of
network structure. These include homogeneity
(Blau, 1977; Banks & Carley 1996; Carley 1991,
1995), diversity and complexity (Teachman 1980),
centrality and vulnerability (Freeman, 1979;

Malone, 1988; Van Alstyne, 1997), dyads, triads,
and link cuts (Wasserman & Faust, 1994), tie
strength, blocks, and structural holes
(Granovetter, 1973; White 1976; Burt 1993), link
evolution (Sanil et. al., 1995), and even
integration and polarization (Kaufer & Carley,
Page 6. 1993; Banks & Carley 1996).

A contrasting perspective appears in Watts & Strogatz (1998), which
models small world phenomena. Their model considers paths
between agentsin which groups exhibit a high degree of local
clustering but also a fairly short average path length between
individuals. Through simulation and analysis, they show that adding
random links to a structured network, which has high local

clustering and long average path lengths, can reduce average path
length much more rapidly than it reduces clustering. Thus local
communities could appear to have numerous in-group ties while
the distance to members of out-groups appears fairly short—an
ideafirst captured in Milgram's phrase "six degrees of separation,"
implying that any two people across the globe could be linked by a
chain of only six people

1l. Related Literature
page 4

To characterize group information sharing, we
draw on related literature from a variety of
perspectives including theories of attraction
(Blau, 1977), dynamic social interaction (Latane,

1996), group stability (Carley, 1990; 91), group
diversity (Ancona & Caldwell, 1992), social
networks (White, et al. 1976; Wellman & Wortley
1990; Wellman & Gulia 1997) network measures
(Banks & Carley, 1996; Sunil, Banks & Carley
1995; Teachman, 1980; Wasserman & Faust,
1994; Watts & Strogatz, 1998) and diffusion
models (Valente 1995).
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How and why Alvarez was cited?
Page 29

In fact, Watson and Crick combined skills from zoology and x-ray
diffraction to determine the structure of DNA (Moffat, 1993).
Thomas Kuhn developed his ideas on scientific paradigm shifts
while working at the nexus of history and physics; yet it would be
extremely difficult to look for common principles across paradigms
by examining a single paradigm. Once Black and Scholes recognized
their formula for options pricing as a physics equation for heat
transfer (Black & , 1973, p. 644) they could look for
established par: arly, the Alvarez theory that an asteroid
caused the extinction of the dinosaurs emerged from a fortuitous
combination of father and son skills in astrophysics and geology
(Alvarez, 1980). "Some of the greatest achievementsin science
come from work at the boundaries of disciplines."17 The difficulty
is that it is not always clear beforehand which groups need to share
information.
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