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systems of systems



a system of systems is ...

... a set of interconnected systems ...

... making an integrated whole



representing the global society will 
require appropriate levels of abstraction



a convenient way to look at sustainability



environmental

source and sink for water, land, air, mineral 
resources, ...

complex interactions between ecosystems 
and human behavior

the standard goal of sustainability

R. Goodland, Encyclopedia of Global Environmental Change (2002) John Wiley & Sons, Ltd





economic

economic capital must be maintained

standard view is focussed on manufactured 
capital

often neglect natural capital

R. Goodland, Encyclopedia of Global Environmental Change (2002) John Wiley & Sons, Ltd



circular flow of income



social

maintain social capital, i.e., investments, 
services, and interactions

promote shared values

minimize behaviors (e.g., violence) that are 
not sustainable

R. Goodland, Encyclopedia of Global Environmental Change (2002) John Wiley & Sons, Ltd



social networks

complexity of 
interactions



human 

maintaining human capital, i.e., 
the private good of individuals

health, education, skills, knowledge, access to 
services ...

should become accepted part of 
sustainability

R. Goodland, Encyclopedia of Global Environmental Change (2002 John Wiley & Sons, Ltd



hierarchy of systems:

macroeconomics



circular flow of income



hierarchy of “households”



flows of energy and income



GDP and energy



some attributes of the societal 
system that we want ...



resilience 

the capacity of a system to absorb 
disturbance, undergo change and still retain 

essentially the same function, structure, 
identity, and feedbacks



adaptability 

 the capacity of actors in a system to 
manage resilience, either by moving the 

system toward or away from a threshold 
that would fundamentally alter the 

properties of the system



adaption 

  the process by which an organism 
becomes better suited to its habitat



tipping point



tipping point

a critical point in time when everything 
changes at once

usually leads to an “irrevocable” change



a commonly-used metaphor

increase in public debt leading to 
decline of economic growth

Amazon rain forest

    how “stuff ” spreads: eyeglasses, cell 
phones, ...  

see, for example: http://tippingpointsproject.org/



use of “tipping point”



a social example:  segregation

a model for racial segregation developed by 
Thomas Schelling in the 1960s

he won the Nobel Prize in Economics for his 
pioneering use of game theory 



10x10 alternating red and black



remove 24 at random



add 5 back at random



a square’s “neighborhood” is defined 
as those who live in a region that 
“touches” their space

a square, whether black or red, is happy as long 
as it is not a minority by more than 2:1

R:B = 5:3 R:B = 6:2



*
*

* *

*
*

marked a few of the “unhappy” 
squares



*
*

* *

*
*

unhappy squares move to the nearest 
empty square where they won’t be a 

minority



*
*

* *

*

New neighbors may then be unhappy.

Pick another unhappy square and 
move it, and so on



http://www.youtube.com/watch?
v=JjfihtGefxk&feature=related



the “tipping point”

at some level of preference for being a non-
minority there is a permanent migration 

towards a segregated state 



some data

measured number of non-hispanic whites that 
moved based on “excess” of non-whites

100 = Schelling model (2:1)
Card et al. , NBER Working Paper 13052 (2007) 



overall data

see “tipping points” for many American cities, 
with values ranging from about 5-20% (1980s)

cities with better race relations (measured by 
other means) have higher tipping points

“tipping points” increasing over time

Card et al. , NBER Working Paper 13052 (2007) 



it is just a model

does not include many complicating, economic 
factors

however, it shows how individual decisions that 
might be reasonable and rational could lead to 

irrational behavior on a societal level



Quote from James Hansen, NASA Scientist



glacial melting

heating is reduced by reflection of sunlight off 
snow

“tipping point” when too much has melted and 
have runaway heating



“Recent finding show that there is no no such 
a tipping point for the loss of Arctic summer 
ice.  Instead the ice area responds relative to 
the climatic conditions at hand.  The ongoing 
loss of Arctic sea ice could slow down or even 
stop when global warming slows down or 
stops.”

Steffen Tietsche, lead author in a study 
published by Geophysical Research Letters 
(2011)



Based on simulations, “Amstrup and 
colleagues, however, found no evidence of a 
critical temperature that resulted in a tipping 
point. Rather, they found a linear relationship 
between global mean surface air temperature 
and sea-ice extent, and that rapid ice loss 
could partially reverse. But the authors caution 
that tipping points could occur in the real 
world and that the situation could still be dire.” 

Derocher, Nature (2010)



a fundamental property of a system 
is that optimization of a system

≠ optimization of the individual parts 


