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Complex	(Adaptive)	Systems
Interactions

Systems	composed	of	interacting	components

Emergence
Structure	and	behavior	emerges	from	interactions	among	components	

and	between	components	and	their	environment

Scale
Systems		are	nested	and	structure/behavior	emerges	at	different	scales

Evolution	and	Learning
Systems	are	dynamic	and	adapt	to	internal	and	external	conditions



Complex	(Adaptive)	Systems
Unifying	Idea

Between	the	world	of	order	and	the	world	of	chaos
exist	Complex	Systems

Complex		Systems	have	emergent	properties.

Complex	Adaptive	Systems	can	exploit	these	emergent	properties
in	order	to	solve	a	problem.



A	Complex	System



A	Complicated	System

No	emergent	
properties.

Remove	one	component	and
the	whole	stops	working.

Complicated	systems	can	be	
complex	but	not	all	complex	systems	
are	complicated.



Brains

www.telegraph.co.uk



Infected	Cell

Naïve	T	cell

Activated	T	cell

Dendritic	Cell

Blood	Vessels

Naïve	T	cell
Source

Antigen

The	Immune	System



Financial	Markets	and	Economies

http://selectusa.commerce.gov/industry-
snapshots/financial-services-industry-united-states

http://www.atelier.net/en/trends/articles/harnessing-
wisdom-crowds-help-play-financial-markets



Networks
• Generic:	Nodes	and	links
• Network	structure

• Degree	of	a	node
• Degree	distribution

• Scale	free	networks
• Same	structure	at	all	scales
• Power	law	distribution

• How	are	they	produced?
• Preferential	attachment
• And	other	mechanisms



Cities









The	Internet

http://www.scielo.org.za/



Social	Networks

http://www.telegraph.co.uk/finance/businessclub/management-
advice/8856162/Think-Tank-Making-social-media-sites-such-as-Facebook-and-
Twitter-more-personal.html



New	Theories	about	Cities

http://www.citylab.com/design/2014/11/moving
-toward-an-evolutionary-theory-of-
cities/381839/

The	Pace	of	Life	in	Cities



Cell	protein	
networks

http://www.telegraph.co.uk/finance/businessclub/management-
advice/8856162/Think-Tank-Making-social-media-sites-such-as-Facebook-and-
Twitter-more-personal.html



Local	Interactions	Leading	to	Global	
Behaviour
• Slime	mold	Slime	
Mold	(Physarum
Finds	the	Shortest	
Path	in	a	Maze),.



• Starling	
Murmuration

The	Edge	of	Chaos



Problem	we	are	trying	to	solve:	Central	Place	ForagingSwarm	Robotics	and	Ant	Algorithms



Sciences	of	Complexity

• Goals:
• Unified	theories	that	describe	many	systems
• New	computational	and	mathematical	tools
• Cross-disciplinary	insights

• The	Santa	Fe	Institute	(founded	in	1984)
• aim	is	to	discover	..	the	common	fundamental	principles	in	
complex	physical,	computational,	biological,	and	social	
systems	that	underlie	many	of	the	most	profound	problems	
facing	science	and	society	today.



Basic	Concepts	of	Complexity

• Dynamical	Systems
• Systems	that	change	over	time.

• Networks
• Relationships	matter

• Scaling	laws:	What	changes	as	systems	grow?	
• Structures	often	change	systematically	at	larger/smaller	scales
• Self	similarity

• Information
• Computation	writ	large	throughout	nature

• Adaptation,	competition,	and	evolution



Scaling	Laws
Physical	and	Geometric	constraints	determine	

network	architecture	and	growth

• Network	capacity	limits	performance	as	systems	scale
• Metabolism,	response	times,	power	consumption
• Universal	patterns	in	system	behavior	are	predictable		
from	the	scaling	properties	of	distribution	networks

The	cost	of	getting	big



Scaling	Laws

Zipf’s Law:	Number	of	occurrences	
of	words	in	the	book	Moby	Dick

Software	bug	size

Hardware

Protein	Interaction	
Networks

Avalanches

Kleiber’s Law



BTW:	Computational	complexity	theory	studies	the	scaling	of	
algorithms

In	Asymptopia!



Adaptation,	Competition,	Evolution
The	elements

Diversity

Iteration/Progress

The	arms	race



Basic	Concepts	of	Complexity

• Dynamical	Systems
• Systems	that	change	over	time.

• Networks
• Relationships	matter

• Scaling	laws:	What	changes	as	systems	grow?	
• Structures	often	change	systematically	at	larger/smaller	scales
• Self	similarity

• Information
• Computation	writ	large	throughout	nature

• Adaptation,	competition,	and	evolution



Genetic	Algorithms	
• John	Holland
•We	can	use	models	of	complex	
adaptive	systems	such	as	evolution	to	
solve	optimization	problems.



• Genetic	Algorithms
• Using	models	of	evolution	to	
optimize	computer	solutions









Lorenz’s	Strange	Attractor

• Exists	in-between	Order	and	Randomness.	
• The	movement	through	the	state	space	is	chaotic,	but	the	attractor	
imposes	some	order	on	the	trajectories.
• We	cannot	predict	the	trajectories	but	we	can	describe	the	attractor	
that	confines	the	trajectories.
• This	is	what	complex	adaptive	systems	are	about:	we	cannot	hope	to	
describe	the	microscopic	behaviour	of	the	system,	but	we	can	
describe	and	exploit	the	macroscopic	behaviour	that	results.	
• the	world	is	fundamentally	unpredictable,	but	the	attractor	emerges



Models

• Complex	adaptive	systems	were	discovered	by	running	computer	
models.
• Computational	models	are	the	best	way	to	explore	the	behaviour	of	
complex	systems.

• In	this	class	you	will	create	models	of	systems	in	order	to:
• Learn	about	the	system.
• Exploit	the	system	to	solve	problems.



For	Monday	your	homework	is:

- read	a and	b	under	Section	I:	Background

- If	you	are	a	graduate	student	think	about	a	paper	listed	on	
the	course	website	to	present	during	the	semester.	

Some	are	advanced,	be	sure	you	have	the	background	required.	Many	
require	no	background.	

- Sign	up	for	the	mailing	list.

- See	me	in	office	hours	if	you	are	not	registered.


