
Self-Organization: 
 

Production of organized patterns, resulting from localized interactions  

within the components of the system, without any central control   



C. Anderson, G. Theraulaz, and J.-L. Deneubourg,  
Self-assemblages in insect societies.  Insectes soc. 49 (2002) 99–110 



https://www.youtube.com/watch?v=cIgHEhziUxU 



Self-Organizing Behaviors We’ll Sample 

•  Flocking and Schooling 

•  Synchronization 

•  Foraging 

•  Task Allocation 



Flocking:  http://www.youtube.com/watch?v=nffdc9sLYnY 
 
Schooling: http://www.youtube.com/watch?v=-Udq_41X6Xs 



No leader or global information required! 



Why Flock or School? 

Some hypotheses 
 

–  Predators will think that flock or school is single (large, 
threatening) organism 

–  Predators won’t be able to target individuals in the flock or 
school 

–  The flock or school will be more efficient at catching prey (via 
cooperative hunting) than individuals alone 

–  The flock or school will increase the individuals’ aero/hydro-
dynamic efficiency (like a peloton in bicycling) 

 
Many hypotheses!  Possibly all are correct.  



How to Flock or School 
(without a leader, with only local information)?   

“Boids” model, Craig Reynolds, 1987 
 

Craig Reyonlds 



Boids rules of flocking (or schooling), in order of relative 
importance:  
 
1. Collision Avoidance: avoid collisions with nearby 
flockmates 
 
2. Velocity Matching: attempt to match velocity with nearby 
flockmates 
 
3. Flock Centering: attempt to stay close to nearby flockmates 
 



Example Boids Simulation of Fish Schooling 

http://www.youtube.com/watch?v=hWcOTLtnm0Y 



Netlogo Flocking Model 
(in Models Libraryà Biology) 

Rules for each bird:  
 

If I’m too close to nearest neighbor, separate 
 

Separate: turn 90 degrees from nearest-neighbor’s heading, or max-separate-turn, 
whichever is less 

 
Otherwise:  align and cohere 
 

Align:  Turn so my heading is the same as the average heading of my neighbors 
(or turn max-align-turn, whichever is less) 

 
Cohere:  Turn so I will move closer to my neighbors (or max-cohere-turn, 
whichever is less).  

These rules affect each bird’s heading direction.  Each bird always 
moves forward at same constant speed 



Examples of Synchronization in Nature 

•  Fireflies flashing  (only occurs in specific species) 

•  Crickets chirping 

•  Cicadas development and emergence 

•  Neurons firing 

•  Heart cells beating 

•  Women’s menstrual cycles 



Why Synchronize? 

Again, multiple hypotheses! 
 
•  Makes males’ location more visible to females 

•  Makes small groups of males appear larger, more attractive to 
females 

•  Reduces “noise”:  males can more easily spot females in the dark 
between flashes 

Perhaps all of these are correct... 



How to synchronize?   

Assumptions:   
 No leader.   
 Each individual firefly only sees neighbors flashes. 

 
Each firefly is a natural “oscillator”, with a natural flashing 
frequency of about 1 second.     
 
Excitation builds up in neurons, reaches threshold, leading to flash.   
 
However, if the firefly sees flash from a neighbor, this either resets 
its cycle (excitation set to 0) or speeds up its cycle.   
 
Result of interacting group:  synchrony!   (via “coupled oscillators”) 
 
 



Netlogo Fireflies Model 
(in Models Libraryà Biology) 

•  Each firefly cycles through its own clock, flashing at beginning of 
each cycle, then resetting clock to zero once it reaches the 
maximum. 

•  All fireflies have the same cycle length.     

•  Upon setup, all fireflies begin at a random point in their cycles.   

•  As fireflies perceive other flashes near them (within radius of one 
patch), they use this information to reset their own clocks.   



•  The fireflies have a parameter, flash-length, which is the duration, 
in ticks, of each flash.   

•  The fireflies have a parameter,  flashes-to-reset, which gives the 
number of flashing fireflies a firefly has to see in its vision radius 
in order to reset its clock.   



•  The fireflies can use one of two rules:   

–  Phase Delay:  
If  I saw enough flashes in my vision radius, I reset my clock 
to flash-length, as though I had just finished flashing.     This 
will synchronize me with the flashes I saw.   

 

–  Phase Advance: 
If I saw enough flashes in my vision radius, I will reset my 
clock to zero, which causes me to flash immediately.   



http://www.newerapestcontrol.com/web/wp-content/
uploads/2012/09/trail-of-ants.jpeg 



http://www.futurity.org/science-technology/
%E2%80%98anternet%E2%80%99-algorithm-
works-like-the-web/ 



http://upload.wikimedia.org/wikipedia/
commons/thumb/3/3a/Ant_trail.jpg/220px-
Ant_trail.jpg 



Ant Foraging 

 
•  Ants move randomly in many different directions 

•  When an ant encounters a food source, it returns to the nest, 
leaving a pheromone trail.   

•  Ants encountering this trail are likely to follow it.  

•  In the absence of reinforcement, the pheromone will dissipate. 



http://www.youtube.com/watch?v=qKufaBQWrJ0 



•  Ants model 

•  Does population increase matter when pheromone is on?  



•  At any given time, the existing trails and their strengths encode 
the colony’s collective information about its food environment 

 

•  This information adapts to changes in environmental conditions.  



Task allocation in ant colonies 



Deborah Gordon 

“Task allocation is the process that adjusts the number of workers 

engaged in each task in a way appropriate to the current situation.    

Task allocation operates without central or hierarchical control.” 



Task allocation in harvester ants (Gordon, 2002):  

•  Workers in a colony divide themselves among a number of 
tasks:  
–  nest maintenance 
–  patrolling 
–  foraging 
–  refuse sorting 
–  etc.  

http://www.confluence.org/fi/all/n61e027/pic1.jpg 

http://alexwild.smugmug.com/Ants/
Taxonomic-List-of-Ant-Genera/
Myrmecocystus/i-qHNT5q5/1/M/navajo3-
M.jpg 



•  The number of workers pursuing each kind of task adapts to 
changes in the environment – e.g., weather, food availability, 
threats.   

•  E.g., if nest is disturbed, number of nest-maintenance workers 
will increase, and number of foragers decrease.  

•  Or if food supply is large and high-quality, number of foragers 
will increase.  

 
•  In short, individuals can choose tasks, according to what tasks 

need the most attention, and how many other ants are already 
doing these tasks! 



Question:  
–  How does an individual ant decide which task to adopt in 

response to nest-wide environmental conditions, even 
though no ant directs the decision of any other ant, and 
each ant interacts only with a small number of other ants?  



Answer (Gordon, 2002):   
 
Ants decide to adopt particular tasks as a function of:  

1.  What they encounter in the environment 

2.  Their rate of interaction with ants performing different 
tasks.  

 An ant can tell what job another ant has been doing by 
sensing chemical residues on the other ant.  

 
  



http://www.youtube.com/watch?v=oYb044RvA0w 

Forager interaction (Deborah Gordon, filming with videoscope 
inside the nest) 



Puzzle 

•  Gordon and colleagues observed that larger colonies are more 
deterministic and consistent in task allocation than smaller 
colonies. 

•  Why?    Pause the video and think about it for a bit.  

•  Hypothesis: ants in larger colonies can get better statistics on 
interaction rates!   



Information processing as a unifying framework for 

understanding self-organization 



Do self-organizing systems process information? 

















What plays the role of information in the 
system? 
 

Computer Science: Digital, static, 
“passive” 0s and 1s on tape 
   
 Biology: “Active” analog patterns 
distributed in space and time over the 
system’s components.    

 
 Information is represented via patterns 
of individuals and their products. 

 
 Information is gathered via local 
statistical sampling from these 
patterns.  

 

Comparing information 
processing in computer science 
and in biology 



How is information processed?  
  
 Computer Science:  Via deterministic , 
serial , error-free, centralized rules for 
reading, moving, and writing 

 
 Biology: Via decentralized, local , fine-
grained stochastic actions. 

 
 There is an interplay of positive and 
negative feedback. 

•  Positive: recruitment, 
reinforcement 

 
•  Negative: competition, density 

limitations 
 

 Randomness is ubiquitous, and is used 
by the system to its advantage. 

 

 Language of dynamical systems may be 
 more useful than language of  
 computation.   

Comparing information 
processing in computer science 
and in biology 



4.  How does this information acquire 
function, purpose, or meaning?  

 
 Computer Science: Human 
interpretation / purpose 
 
 Biology: Natural  selection for adaptive  
function. 
 
 

Comparing information 
processing in computer science 
and in biology 



Desire for “life-like” computing systems with emergent behavior from 
simple rules! 

Biologically Inspired “Self-Organized” Computing 



Biologically Inspired “Self-Organized” Computing 

Biology        Computer Science 
 
Ant foraging                              Ant-Colony Optimization 
 
Firefly synchronization                  Distributed synchronization 
 
Darwinian evolution                      Genetic Algorithms 
 
Brains                                      Neural Networks 
 
Immune systems                        Immune-System-Inspired Security 
 
Slime moulds                             Slime Mould-Inspired Search Algorithms 


