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How Do Collectives
As Systems 
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How Can We
Think Better

A Complex System View of Knowledge



Critical Technologies
Network

U.S.A.

China

Erica Fuchs, CMU Competition

Collaboration



Simulate/Automate 
Innovation

Machine Scientist

Understand 
Innovation



Vox Populi
West of England 

Fat Stock and Poultry Exhibition

.8% off

Diverse Data / Approaches

Wisdom of Crowds

Francis Galton

<.1% off
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Wisdom of  
Innovating 

Crowds

Science Technology Business



(                          )

1. Innovative Scientific Crowds characterized by
Collective Abduction & Bridged Difference

2. Connection and Conformity is associated with 
Reduced Replication & Impeded Innovation

3.  AI that Designs Diversity Beyond Human Limits to                   
  Accelerate and Punctuate Advance

   Chapters
*

SFI

AI



How do Innovation
Systems 

Think?



Imaginatively generalize from 

observations

Deduction

Induction

Logically extend from

     facts/axioms

Aristotle

Francis Bacon

Abduction

Deduction

Induction
surprise



20M PubMed articles (1865-2015)

15,000 MeSH term Concepts (e.g., 
PCR, hypertension, DNA, testosterone)

.5M APS articles (1880-2015)

80,000 PACS code Concepts (e.g., 
neutron star core, lie algebras, 
polarization)

1.5M US Patents

45,000 USPC subclasses (e.g., arc 
lamp, electrolytic condenser, paper, 
button) 



Contexts
Journals, Conferences, Coversations

Unlikely to have been  
previously imagined

Contents
Concepts, Phenomena, Tools

Unlikely to have been  
successfully combined



To Identify 
Surprise

Sufficient Model
requires a 

Almost Everything

Digital  
Double

AI-  
Driven



 Surprising (improbable) outcomes 

Oumuamua

Heliobacter
pylori

Dumbphone

Decreasing 
Function

Bad

Radical
Interests



1.

2.

3.

Generative 
Hypergraph 

Model



Evolution of the Network

Time

: latent positions of the elements at time t
: observed network at time t

Hidden Markov Model

✓0 ✓1 ✓2 ✓3

G0 G1 G3

Gt

✓t

G2

Brownian Motion



Complete Model

• Log-likelihood function 

• Impossible to optimize!

l(✓1, ..., ✓T ) = logP (G1, ..., GT |✓1, ..., ✓T )

=
PT

t=1[logP (✓t|✓t�1) + logP (Gt|✓t)]

=
TX

t=1
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Incomputable
2N possible combinations

Gaussian Density for Brownian motion Poisson Density for Hyperedge Section



will converge to the maximal likelihood estimate.

Let                               and                             , then    


Maximal Likelihood Estimate

f(✓, t) =
PD

d=2 S
t
d t ⇠ randint(1, T )

E[rf(✓, t)] = rl(✓)

✓̂

Theorem

Corollary 

Choice: Negative Sampling vs. Contrastive Noise





Static 
Measure  

Model



Faculty 1000

Content novelty is most associated with 
New findings and Drug targets 
emerge from within-domain investigation.

Context novelty is most associated with 
Controversial, Interesting 
hypothesis and Technical advance 
emerge from cross-domain investigation. 

*
*

*

**





Disconnection throughDisciplines



Career, Team, & Expedition Novelty

Radical Insight comes in conversation 
with Outsiders / Aliens



by 
accident



SFI



Broad reach of modern science



Diversity of 
Applied Tech.

Venture-funded
Start-Ups

rapid invention



153 4

prior
update
posterior

X = bytes to conservative pages; K= bytes to political pages



Encyclopedic
Monopoly

Improvement Through Polarized
Reconnection

ChatGPT Recruiting 
Experiment



Balanced, Curated DiversityVigilante Diversity

Misinformation & 
Fact-Checking on

Twitter

Increases DiversityDecreases Diversity



Optimal 
Diversity

Perspective
Diversity

Background
Diversity

Background
Diversity

Perspective
Diversity

Danish 
Experiment

Diversity of 
Perspectives

Wikipedia 
Experiment



Dense (Social) Connections
Collective Certainty

Distort

& Slow
Novel Discovery/Invention

Across innovators, teams, and fields



Large, Tall, Smooth Teams
Dampen Disruption

Small, Flat, Sparse Teams 
Amplify It



Disruption





Team 
Structure 89,575



Team Structure Matters for Innovation

Controlling for : team size, mean, stdev & max career age, 
supported by funding agencies, # & award amount of funding

Fixed Effects by author & by field

167%*

17%*
 Pointwise mutual information (PMI) between two items
= inner product of two vectors representing items 
within a latent semantic space

Novelty: MCMC



Team Structure Matters for Credit



Team Structure Matters for the Future

Controlling for : team size, mean, stdev & max career age, 
supported by funding agencies, # & award amount of funding

Fixed Effects by author & by field

121%*



Activating Search

Concept/Tech Diameter matters…

But so do Holes in the structure

Diameter = Largest Hole

Diameter = Largest Hole * N

Persistent Homology

within

outside

Collective Composition Matters



Aging & Innovation



Aging & Innovation



Scientists, their best Ideas, and the unfolding Frontier



Fields Age

Scientist age             

     Mean age               

holding constant mean age within field and mean team size.

reference age+

+



Old Proportion 

Churn Rate

++



As Fields 
Grow 

Canons 
Crystallize



Diversity Collapse

• Cultural objects and the Interwebz 

• Language extinction with social contact

• Biological extinction with ecological contact

In other Domains

(NOT division of labor, and increasing specialization as in cities.)



52

Replication
Crisis

Centralized communities & the



Drug Gene Interaction Support  
# papers

Oppose  
# papers

Papers IDs Effect size Statistical 
Significance

Variability 
cell, dose, time

Benzo(a)pyren
e

SLC22A3 Decreases expression 5 0 21224254, 19188863 +1.646 Y 0.783
Sulforafan NQO1 Increases expression 16 0 1001256; … +8.405 Y 1.719

Estradiol PRSS23 Increases expression 6 2 21224254; 10022439 +10.524 Y 2.097

Tretinoin MYC Decreases expression 12 0 10023685; … –2.654 N 11.848

Annotations from the literature

Drug-gene claims 
curated annotations (CTD)

 

High-throughput experiments

Drug-gene interactions
LINKS L1000

Aligning published claims with high-throughput 
experiments



Akingbemi et al., 2004
Chariot and Gielen, 1998

Chariot et al., 1996
Coleman and Smith, 2001

Garcia-Gasca, 2000
Gupta, 2000
Klinge, 2001

Levy et al., 2004
Newbold, 1995
Razandi, 2000

Sonnenschein and Soto, 1998
Takao et al., 1999

...

Coleman and Smith, 2001
Gupta, 2000
Klinge, 2001

Takao et al., 1999

Paper A

Coleman and Smith, 2001
Gray, 1998

Gupta, 2000
Klinge, 2001

Oesterreich et al., 2001
Olea et al., 1996

Ramos et al., 2001
Sheeler et al., 2000
Suzuki et al., 2002
Takao et al., 1999

...

Paper B
Prior Knowledge 

independence

Gross-Steinmeyer K
Stapleton PL 

Liu F
Tracy JH 

Bammler TK
Quigley SD

Farin FM
Buhler DR
Safe SH

Strom SC
Eaton DL

Gross-Steinmeyer K
Stapleton PL

Tracy JH
Bammler TK 

Strom SC 
Eaton DL

Paper A

Gross-Steinmeyer K
Stapleton PL

Tracy JH
Bammler TK 

Strom SC 
Eaton DL

Paper B

affymetrix
luminex

microarray
real time pcr

rt-pcr
transduction

gene expression

affymetrix
microarray

real time pcr
gene expression

Paper A

affymetrix
clustering
microarray
hg-u133

microarray
molecular

real time pcr
gene expression

mode
anova

Paper B
Methodological 
independence

Social 
independence

Centralization of Scientific Communities
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and a weighted edge proportional to the overlap (Jaccard coefficient or JC) between the 
two papers’ authors	(-;), methodologies	(-=), and references to prior literature (->). 
Dashed red line in the agreement layer indicates opposing edges. For clarity, we only plot 
edges above the mean JC value for overlapping methods. (B-C) Example of centralized 
and decentralized bipartite networks. Edges connect authors (rectangles) to papers they 
published (circles). Centralization C is the Gini coefficient of the authors’ degree 
distribution. (D-E) Lorenz curves showing different level of centralization, corresponding 
to the examples in B and C. (F) Logistic regression models with replication success as the 
response variable and predictors modelled (top) independently and (bottom) 
simultaneously. Predictors are rescaled LM)NO'	(L)

N&P L )NO'	(L) for comparability. (G-M) Predicted 

probabilities (PP) of claim replication PP ! = 1 = RPS	(TUVTWX)
KVRPS	(TUVTWX)

 for logistic models of 
independent predictors with 95% error bounds.  
 

Our combined model also controls for journal prominence J, which we measure 

with journal eigenfactor (37), a score that credits journals receiving many citations from 

highly cited journals. Claim replication increases with journal prominence (Fig. 2F and 

2L), but prominent journals are responsible for only a tiny fraction of all claims, which 

warrants our evaluation strategy and the practice of extracting and archiving findings 

from a wide range of journals (6). 

 
 
Fig. 3. Contour plots of the probability of claim replication based on network 
dependencies and support in the literature. (A) The probability of claim replication is 
greater in decentralized communities of scientists, after controlling for variability in 
LINCS L1000 across cell lines, durations, and dosages. (B) The probability of claim 
replication increases with support in the literature and social independence, after 
controlling again for experimental variability. 
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Findings from Decentralized Communities 
More Likely Replicate  



Piero Anversa Tasuku Honjo

Locate (& Burst) Academic Bubbles



Can we design diversity 

collective imagination
to increase

Hybrid Vigor
Jamshid Sourati

Postdoc



Alan Turing’s ‘Immitation Game’

in “Computing Machinery & Intelligence” 



Alan Turing’s ‘Immitation Game’

in “Computing Machinery & Intelligence” 



Alien Intelligences

Think Differently



40% Precision



What Inferences are Most Likely 
Cognitively?



What Inferences are Most Likely 
Cognitively?



What Inferences are Most Likely 
Cognitively?



Why/When?

Predicting Cognitively Available Inference



Tracing Discovery
In Science



100 Drugs; 450 Diseases

50-400% Improvement



COVID-19 
Search

400% 
Improvement



Maximize Complementarity

By Avoiding Scientists 
we can Predict what 
they won’t Discover



(and its better)



Control

Caregiving

Training Logic Alien Capacities

Objectives

Imagination



Build Ensembles of Diverse Intelligences

To Advance Science, Technology, Enterprise,                 
& the regulation of other AIs

AI Coaching, Coordinating, Collaborating
through



 Conserving Human Diversity 
Cultivating Algorithmic Diversity

Designing Collective Diversity 
for Sustainable Innovation

• Innovation in Science, Tech, 
Enterprise & Culture are High-
Dimensional & Rugged 
requiring 

• Social, Cultural, Institutional, & 
Methodological Disconnection

http://TopCoder.com


 

Sustainable Bridging

http://TopCoder.com


Clara del Junco
Postdoc

Bhargav Desikan
Masters student

Jamshid Sourati
Postdoc

Candice Lewis
Assist. Director

Fengli Xu
Postdoc

Brendan Chambers
Postdoc

Donghyun Kang
PhD student

Sasha Belikov
Postdoc

Eamon Duede
PhD student

Molly Lewis
Postdoc

Haizi Yu
Postdoc


