
Iain Couzin 



The main topic of my lecture is 
collective motion 



There is a classic literature 
concerned with the modeling of 

animal movements 

Haldane Fisher Wright 



insects.eugenes.org 

Dobzhansky and Wright dealt with 
the dispersal of D.pseudoobscura 



Haldane and Fisher 

were concerned with advancing fronts and clines,  



The null movement hypothesis: a  
random walk 

mathworld.wolfram.com 
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The null movement hypothesis: a  
random walk plus growth 

mathworld.wolfram.com 
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Other approaches to 
movement 

•  Long-distance spatial contact process 
–  Integral equation 

•  Skellam 
•  Mollison 



Other approaches to 
movement 

•  Long-distance spatial contact process 
•  Anomalous diffusion 

– Variance increases as a power of time 



Rates of advance are just one 
application of such models: 
Critical size for persistence 
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r > 0
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∂u /∂t = ru+∇(D∇u),
r < 0



Rates of advance are just one 
application of such models 

•  Critical patch size for persistence 
•  Pattern formation and patchiness 
•  Coexistence 









Central tendencies could lead 
to aggregation 



Inter-individual interactions 
are essential  
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But unequal diffusion can lead 
to  stable non-uniform patterns 
arise in convex environments 



Animal coat patterns are the simplest of challenges for 
the study of development, in which highly differentiated 

structures self-organize from initially homogenous 
ensembles 



Alan Turing posited the existence of 
two interacting chemicals 

(morphogens) in a homogeneous 
space 
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Dissipative structures 



The resulting spatial pattern in the 
distribution of morphogens establishes 

pre-patterns for development 



Gierer-Meinhardt patterns 



Pattern arises from balance 
between short-range 

activation long-range inhibition 



Do such mechanisms underlie 
spatial patterns in ecology? 



Plankton are patchy on almost 
every scale 
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Could Turing apply to 
planktonic patchiness? 
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Didn’t work 



Zooplankton don’t move 
randomly, but aggregate 



Zooplankton don’t move 
randomly, but aggregate 



Zooplankton don’t move 
diffusively, but aggregate 



Aggregation has been addressed 
for a wide range of organisms 

Bonner: The social cell	


Keller and Segel: Initiation of aggregation as an instability	





Keller-Segel Model 



Aggregation has been 
addressed for a wide range of 

organisms 

:www.abc.net.au/science/news/ stories/s266199.htm 



Aggregation has been 
addressed for a wide range of 

organisms 

 antarctica.org.nz/04-biology/ 

 www.antarctica.ac.uk/.../Bird_Island/ 2000/bidir1200.html 



Aggregation has been 
addressed for a wide range of 

organisms 



Aggregation has been 
addressed for a wide range of 

organisms 



Aggregation has been 
addressed for a wide range of 

organisms 







Again, a simple balance between short-
range repulsion (“activation”) and long-

range attraction (“inhibition”) can produce 
patterns 
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Observations on large 
mammals 
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What is the relationship 
between an individual agent 



...and how it responds to its 
neighbors and local 

environment 





How do we relate the 
macroscopic patterns to the 

microscopic rules? 



Wildebeest show a variety of 
patterns 









Lagrangian-Eulerian connections 

Flierl et at, 1999 



Lagrangian/Eulerian transformation 
Flierl, Grunbaum, Levin, Olson 1999 



Lagrangian/Eulerian transformation 
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n x,v, t +δt( )=

d ʹ′ x d ʹ′ v PδX∫ (x − ʹ′ x − ʹ′ v δt ; ʹ′ x , ʹ′ v , t)

                        *PδV (v− ʹ′ v − aδt ; ʹ′ x , ʹ′ v , t) n ( ʹ′ x , ʹ′ v , t)

Spatial/velocity density 

P   = probability particle at x´, velocity v´, time t 
has random jump δx = x-x´-v´δt, etc. 
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δX



Lagrangian/Eulerian transformation 



 Boltzmann equation	





If closures are good, these 
approximations work well 
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If closures are not known, may 
be able to use equation-free 

methods 



But real aggregations are 
heterogeneous assemblages 

of individuals 



Couzin, Krause, Franks, Levin 
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Attraction Alignment 
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So the direction chosen by informed individuals must 
reconcile these tendencies.    

si(t) 

di(t+Δt) =  
si(t) + ω gi(t)	


si(t) + ω gi(t)	
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1 informed individuals in group of 100. 
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5 informed individuals in group of 100. 

C
ol

le
ct

iv
e 

de
ci

si
on

-m
ak

in
g 



10 informed individuals in group of 100. 
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Animal groups may be led by a 
small number of individuals 
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Tim Buchman’s recreation of 
Huyghens’ experiment 



Difference in preference 
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Efforts to understand 
simulations 

•  Leonard, Nabet 
•  Kevrekidis, Moon 
•  Couzin, Levin 
•  Strong connections to control theory 
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Distributed, communicating 
robots 
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Kuramoto model 



Gradient system, with potential 

So all solutions go to equilibrium 





Multiple scales 

Bifurcation analysis 
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Conclusions 

•  Naïve individuals are crucial to 
consensus 

•  Non-spatial models miss key detail 
•  Multi-scale analyses also essential 



That’s ecological 

What strategies does evolution 
shape? 





Guttal and Couzin 

•  Two evolvable parameters, gradient-
following and neighbor-following 

•  Depending on values of parameters, 
may evolve 
– Solitary random walk or migratory behavior 
– Aggregation 
– Fission-fusion dynamics 







Natural selection 

•  Select for highest average migration 
speed, minus a cost function 



Evolution: 
In absence of social 
information, fitness is 

€ 

F = exp(−σ2 /4xg )exp(−cxg
2)





Add these together 

€ 

dθ t = (xgdθg + xsdθ s) /(xg + xs)





Invasibility plots 
Dark: Mutant can invade 



Conclusions: 
Collective motion is important 

biologically, and raises fascinating 
mathematical problems 

•  Statistical mechanics of collectives 
•  Multi-scale dynamics 
•  Game theory         
•  Unifying theory and experiment/

observation 



Can such simplistic insights 
be extended to human 

groups? 



Can we model the dynamics 
of social norms? 



Social norms can be good 







Equity is a fundamental 
aspect of achieving 

sustainability 

118 



Equity can only be achieved 
through 

•  Concern for others and sense of 
fairness 

•  Social norms and international 
agreements that incorporate these 
principles 



We live in a global commons, in 
which  



We live in a global commons, in 
which  



The challenge….achieving 
cooperation at the global level 





But cooperation does arise in 
Nature…and in theory 



The evolution of altruism and 
cooperation 



Now well-understood that altruism 
and cooperation facilitated by 

close genetic relationship 



Now well-understood that altruism 
and cooperation facilitated by 

close genetic relationship 



Now well-understood that altruism 
and cooperation facilitated by 

close genetic relationship 



W.D.Hamilton and the social 
insects 



Well, not as well-understood 
as it used to be 

130 



Indeed, close genetic 
relationship not essential for 

cooperation 

131 



Reciprocal altruism also 
facilitates cooperation 



Cooperation is easily explained in 
small groups, with repeated 

interactions 



But how is cooperation 
sustained in larger groups, like 

societies? 



And can these principles be 
extended to the global level? 



The Commons solution (Hardin) 



The maintenance of cooperation in 
small societies depends on shared 
and mutually agreed-upon norms 

•  Elinor Ostrom, and others, have pioneered 
the study of how distributed management 
maintains the stability of common property 
resources, such as fisheries 



Other-regarding behavior: The 
Ultimatum Game 



Henrich, J., Heine, S. J., & Norenzayan, 
A. (in press). The Weirdest people in the 
world? Behavioral and Brain Sciences. 
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Cultural differences 
Mean Offer	

 Mean Reject	



US East	

 41	

 17	



US West	

 43	

 9	



Chile	

 34	

 7	



Japan	

 44	

 20	



Kenya	

 44	

 4	



Spain	

 27	

 29	



UK	

 34	

 24	



Papua/NG	

 41	

 34	





Public goods and punishment 



Public goods evolution in Nature 

•  Production of extracellular proteins 
•  Defenses against biofilms 
•  Nitrogen fixation 
•  Evolution of reduced resource use by 

plants 
•  Evolution of reduced predation 
•  Evolution of reduced virulence 
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Why do individuals contribute 
to public goods? 

143 



Dixit-Levin 

€ 

144 

€ 

vi = F(xi,zi,< z >i)



Dixit-Levin 

€ 
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vi = F(xi,zi,< z >i) + γ ikF(xk,zk,< z >k )k≠ i
∑



Example (with Dan 
Rubenstein) 

•  Pastoralism and sharing of grazing 
grounds 

http://www.ilri.org/ilrinews/ 



But what selects for group 
formation and local 

prosociality? 

•  Genetic relatedness 
•  Genetic tendencies for cooperation 

among unrelated individuals 
•  Penalties for defection 
•  Learning and imitation 
•  Leadership 
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Social contagion and 
spending 

149 



 Implications for social norms: 
Imitation can drive collective changes  

in human behaviors 



Fundamental questions for 
studying dynamics of 

decisions 



There has been a great deal 
of work on the dynamics of 

animal groups 
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But human behaviors are 
more complicated than those 

of fish 
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Formation of cooperative 
groups 



Formation of cooperative 
groups 



Formation of cooperative 
groups 



These considerations influence: 
Management issues 

164 



Ecological systems and socio-
economic systems alike are 
complex adaptive systems 

165 



The nature of ecological and 
socioeconomic systems as complex 

adaptive systems means 

•  Patterns emerge from and feed back to influence 
(collective) individual behaviors 

•  Individual variation represents the capacity of 
systems to adapt, and to maintain robustness, but.. 

•  Emergent patterns carry no assurance of collective 
good 

•  Management requires a balance between free-market 
and regulation 
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Adam Smith’s Invisible Hand 

167 



The invisible hand does not 
protect society 
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Those lessons are magnified 
for ecological and 

environmental systems 

169 



The CAS perspective also 
means 

•  In both cases, management requires a 
balance between free-market and 
regulation 

•  New institutions must be adaptive 
– Can adaptive features be built in? 
– Robustness 

•  Trust and cooperation essential 
– Key to macroscopic goals is in 

microscopic incentives 
– Montreal Protocol? 
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Can cooperation be extended 
to the global level? 



Emergence of cooperation 
within groups is often for the 
benefit of conflict with other 

groups 

Lariviere 



In the global commons, there 
is no “other”  



Understanding how to achieve 
international cooperation is at the 
core of achieving sustainability in 
dealing with our common enemy: 

environmental degradation 
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