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•  Our world is complex and its elements are inter-related.  
 
•  Many times our policies and efforts aimed towards some objective fail 

to produce the desired outcomes, rather we often make matters worse 
–  For instance: 
–  Anti-biotic Resistance,  

–  Pesticides Resistance 
–  Impacts of Disasters (fires, floods etc.) 

•  Often our actions targeted to solve a problem are seemingly successful 
at first but later are found to have created new problems 
–  For instance: 

Complexity and Change 
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•  “When you are confronted by any complex social 
system……, with things about it that you’re dissatisfied 
with and anxious to fix, you cannot just step in and set 
about fixing with much hope of helping……You cannot 
meddle with one part of a complex system from the 
outside without the almost certain risk of setting off 
disastrous events that you hadn’t counted on in other, 
remote parts. If you want to fix something you are 
first obliged to understand… the whole system…
Intervening	is	a	way	of	causing	trouble”* 

*Lewis Thomas (biologist and essayist), quoted in Business Dynamics, J. Sterman, 2000  
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A fire fighting policy of ‘reducing fires’ has led to fewer fires but greater damage (more acres 
burned) in California, USA 
 
The reduction in number of fires causes accumulation of dry matter over time, and when there 
is eventually a fire, the dry matter provides fuel for it to expand and thus causes more damage 

Examples of Policy Resistance 
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•  Our actions to solve some problem tend to make the problem worse 
or create new problems in its place 

•  “Counter Intuitive Behavior of Social Systems” 

•  Murphy’s Law 

•  Unexpected dynamics often lead to ‘policy resistance, i.e. the 
tendency for interventions to be delayed, diluted, or defeated by the 
response of the system to the intervention itself’ 

Law of Unintended Consequences 
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Event-oriented view of the world 

Situation

Goals

Problem Decision Results

We typically tend to think of things as chains of cause and effect and 
often ignore the time delays between them 

Causes of Policy Resistance: The Serial View 

6 



§  In reality, there is feedback.  

§  The results of our present actions 
define our future situation 

§  Policy resistance is often due to 
incomplete understanding and 
accounting of full range of 
feedbacks 

§  Consider the pesticide problem… 

§  Consider the mosquitoes 
eradication problem…. 

The Feedback View 
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•  We need to understand that “we can’t do just one thing” – things are 
interconnected and our actions have numerous effects that we often do not 
anticipate or realize. 

 
•  Systems Thinking involves holistic consideration of our actions – it is needed to 

deal with the complexity of our world. 

•  Systems Thinking is about  
–  taking a long-term view 
–  thinking about change in systems 
–  considering direct as well as in-direct impacts of our actions and their side-

effects  
–  identifying high leverage points to avoid policy resistance 

Systems Thinking 

8 



•  Adap7ve	(the	capabili,es	and	decision	rules	of	agents	in	complex	systems	change	over	,me)	

•  Counterintui7ve	(cause	and	effect	are	distant	in	,me	and	space)	

•  Characterized	by	trade-offs	(the	long	run	is	o;en	different	from	the	short-run	response,	due	
to	,me	delays.	High	leverage	policies	o;en	cause	worse-before-beAer	behavior	while	low	
leverage	policies	o;en	generate	transitory	improvement	before	the	problem	grows	worse.	

	
•  Governed	by	feedback	(ac,ons	feedback	on	themselves)	

•  Nonlinear	(effect	is	rarely	propor,onal	to	cause,	and	what	happens	locally	o;en	doesn’t	
apply	in	distant	regions)	

•  History-dependent	(taking	one	road	o;en	precludes	taking	others	and	determines	your	
des,na,on,	you	can’t	unscramble	an	egg)	

•  Dynamic	complexity	arises	due	to	interac,ons	among	different	agents	over	,me.	Systems	
with	even	a	few	elements	can	exhibit	dynamic	complexity.	

Characteristics of Complex Systems 

9 



Systems Thinking is Critical for Our Survival in the 
Anthropocence  
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			“The	capacity	of	the	human	mind	for	formula,ng	and	solving	
complex	problems	is	very	small	compared	to	the	size	of	the	
problem	whose	solu,on	is	required	for	objec,vely	ra,onal	
behavior	in	the	real	world	or	even	for	a	reasonable	
approxima,on	to	such	objec,ve	reality”.	
		(Herbert	Simon,	1957)	

Bounded Rationality 
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•  Creating and simulating a model lets you make your mental model 
explicit, and then helps you see how your defined system structure will 
behave in time. 

•  Formalizing qualitative models and testing via simulation often leads to 
radical changes in the way we understand reality. 

•  Discrepancies between formal and mental models stimulate 
improvements in both, including changes in basic assumptions, time 
horizon and dynamic hypothesis. 

Simulation 
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§  Mental models are widely discussed in psychology and philosophy 

§  Concept of mental models is central in System Dynamics 

§  Forrester stresses that all decisions are based on models, usually 
mental models. 

§  In System Dynamics, ‘mental models’ are our beliefs of networks of 
causes and effects that describe how a system operates – it is our 
framing or articulation of the problem 

Mental Models 
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•  System Dynamics is a method that helps us learn and understand 
complex systems 

•  It is fundamentally interdisciplinary and brings together tools and 
theories from a wide variety of traditional disciplines. 

•  At its core, its foundations are on nonlinear dynamics and 
mathematical feedback control theory, and it draws from 
economics, social psychology and other sciences. 

•  We use system dynamics to construct models of socio-technical 
systems, and use computer simulation to determine how these 
systems may behave in the real-world 

What is Systems Dynamics? 
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•  Systems dynamics modeling consists of qualitative/
conceptual and quantitative/numerical modelling methods.  

•  Qualitative modelling, e.g. using causal loop diagrams, 
improves our conceptual system understanding. 

•  Quantitative modelling, e.g. using stock-and-flow models, 
allows us to investigate and visualise the effects of different 
intervention strategies through simulation 

–  Quantitative modelling also requires us to make explicit statements about 
assumptions underlying the model, identify uncertainties with regards to system 
structure, and identify gaps in data availability. This promotes model transparency 
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1.  What	is	the	problem,	what	are	the	key	variables,	
what	is	the	,me	horizon?	

2.  What	are	the	current	theories	of	the	
problema,c	behavior?	Create	causal	maps.	

3.  Create	a	simula,on	model	by	specifying	
structure	and	decision	rules	

	
4.  Check	if	model	reproduces	the	problema,c	

behavior,	check	extreme	condi,ons.	

5.  What	future	condi,ons	may	arise?		

6.  What	will	be	the	effect	of	a	policy	or	strategy?	

The Modeling Process 

What	is	the	
problem?	
Time	

horizon?	

What	are	
the	

theories?	

Simula,on	Check	
model	

Analyze	
effect	of	
strategy	
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•  “A	dynamic	hypothesis	is	a	working	
theory	of	how	the	problem	arose”	

•  System	dynamics	seeks	endogenous	
explana,ons	for	phenomena.	An	
endogenous	theory	generates	the	
dynamics	of	the	system	through	the	
interac,on	of	variables	and	agents	
represented	in	the	model.	

•  Create	a	model	boundary	chart,	a	list	of	
endogenous,	exogenous,	and	excluded	
variables	that	define	the	scope	of	the	
model	

	

Formulating a Hypothesis 
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Create model of DDT case? Or antibiotics? 
Or floods? 



•  CLDs are maps that show links between variables 
with arrows that signify cause and effect. 

 
•  CLDs describe the hypothesis about the causes of 

the dynamics 

•  In a CLD, variables are connected with arrows that 
represent a cause and effect relationship.  

•  An arrow pointing from a variable say ‘A’ to a 
variable ‘B’, indicates that A causes B  

•  Each causal link is labeled with a polarity – 
indicated with a plus or a minus sign.  

•  The polarities represent how the independent 
variable affects the dependent variable  

 

Causal Loop Diagrams (CLDs) 

	

	

Causal links with polarities 
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Positive Link Polarity 
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English Interpretation: 
 
All else equal, if A increases,  
then B increases above what it would 
have been 
 
All else equal, if A decreases, then 
B decreases above what it would have 
been 
 
In the case of accumulation, A adds to B. 

∂B
∂A

> 0

Mathematical Meaning: 

Births Population 

+ 

Example 



Negative Link Polarity 
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English Interpretation: 
 
All else equal, if A increases,  
then B decreases above what it would 
have been 
 
All else equal, if A decreases, then 
B inceases above what it would have been 
 
In the case of accumulation, A subtracts 
from B. 

∂B
∂A

< 0

Mathematical Meaning: 

Deaths Population 

+ 

Example 

	



§  Causal	diagrams	must	include	only	
genuine	causal	rela,onships	

§  Correla,ons	represent	past	behavior,	
not	underlying	system	structure	

§  Serious	policy	errors/judgments	can	
result	from	erroneous	assump,ons	of	
causality 

	

Causation and Correlation 

Ice Cream 
Sales 

Admitted 
Patients in Hospitals 

+ 

Incorrect 

Ice Cream 
Sales 

Admitted 
Patients in Hospitals 

 + 

Correct 

Average 
Temperature 

+ 
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§  In most CLDs, the causal links 
get organized in a way that 
produces loops in the diagram.  

§  These loops represent 
feedbacks in the system.  

§  There are two kinds of 
feedbacks:  
§  self-reinforcing (positive) 
§  self-correcting (negative or 

balancing).  

	

	

Loops 
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§  The polarity or type of a loop, 
i.e. whether it is reinforcing or 
balancing, is determined by 
following the effect of a 
change in a variable through 
the loop.  

§  If the change is amplified then 
it is a reinforcing loop. If the 
change is opposed then it is a 
balancing loop.  

§  The R and B symbols indicate 
the type: R for reinforcing and 
B for balancing  

	

	

Loop Polarity 
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•  Variables	are:	Birth	rate,	popula,on,	death	rate,	frac,onal	birth	rate,	
average	life,me	

 
 
•  Loop identifiers  (shown as R and B) indicate direction of circulation 

and type (balancing or reinforcing) 	

	

Ref: Sterman, 2000 
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§  Links must have unambiguous polarity 

§  If it is unclear which polarity to assign, it is likely there are 
multiple pathways between the two variables under 
consideration.  

§  Elaborate pathways until no ambiguity is left. 
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Clarity in Polarity 



	

Time Delays 

•  Time delays often give rise to complex 
dynamics in systems.  

•  The effect of a cause may be distant in 
time (rather than immediate) and is 
often the reason why short term and 
long term impacts of an action may be 
different for a system.  

  
•  CLDs allow for explicitly indicating time 

delays. A time delay is represented 
with a box on the causal link  
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§  Models become complex with too much detail 

§  Too little detail can make model confusing 

§  Add enough structure so that it is easy to grasp the logic 
 

§  A. 

Clarity in Logic 

	

	

B. 
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Goals of Negative Loops 

§  Negative feedback loops have goals 
(desired states) 

§  These loops function by comparing 
actual state with desired state and 
making adjustments in response to 
discrepancy 

§  Make the goals explicit 

§  Knowing the goals helps in thinking 
how the goals are formed, how they 
may change over time. 
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Actual and Perceived Conditions and Delays 
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Example: Road Congestion 
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Conges,on:	Open	Loop	View	

Congestion and 
Delays 

Build New 
Roads 
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Congestion: Feedback View 



Modes of Behavior 
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Modes	of	Behavior	

Figure Source: Sterman, 2000 
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•  Arises from positive (self-reinforcing) 
feedback. 

•  In pure exponential growth the state of 
the system doubles in a fixed period of 
time. 
•  Same amount of time to grow from 

1 to 2, and from 1 billion to 2 
billion! 

•  Self-reinforcing feedback can be a 
declining loop as well (e.g. stock 
prices) 

•  Common example: compound interest, 
population growth 

Exponential Growth 
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Figure Source: Sterman, 2000 



Exponential Growth: Example 
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Some positive feedbacks underlying Moore’s Law 
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Some positive feedbacks underlying Moore’s Law 
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Exponential Growth: Example 
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•  Nega,ve loops	seek	balance,	and	
equilibrium,	and	try	to	bring	the	
system	to	a	desired	state	(goal).	

•  Posi,ve	loops	reinforce	change,	
while	nega,ve	loops	counteract	
change	or	disturbances.	

•  Nega,ve	loops	have	a	process	to	
compare	desired	state	to	current	
state	and	take	correc,ve	ac,on.	

•  Pure	exponen,al	decay	is	
characterized	by	its	half	life	–	the	
,me	it	takes	for	half	the	remaining	
gap	to	be	eliminated.	

Goal Seeking 

	

- + 

+ 

Corrective Action 
+ 
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Electricity generation [TWh] by fuel type in France from 1945 to 2012  

Ref: Doufene, Siddiqi, and de Weck, (2014) “Dynamics of Technological Change: The Case of Nuclear Energy and  
Electric Vehicles in France”,  

Goal Seeking: Examples 
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•  This is the third fundamental mode 
of behavior. 

•  It is caused by goal-seeking 
behavior, but results from constant 
‘over-shoots’ and ‘under-shoots’ 

•  The over-shoots and under-shoots 
result due to time delays- the 
corrective action continues to 
execute even when system reaches 
desired state giving rise to the 
oscillations. 

Oscillation 
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Figure Source: Sterman, 2000 



•  Connection between structure and behavior helps in generating hypotheses 

•  If exponential growth is observed -> some reinforcing feedback loop is 
dominant over the time horizon of behavior 

•  If oscillations are observed, think of time delays and goal-seeking behavior.  

•  Past data shows historical behavior, the future maybe different. Dormant 
underlying structures may emerge in the future and change the ‘mode’ 

•  It is useful to think what future ‘modes’ can be, how to plan and manage 
them 

•  Exponential growth gets limited by negative loops kicking in/becoming 
dominant later on  

Interpreting Behavior 
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Model Validation 

•  The key factor influencing the acceptance and success of models is 
their practical usefulness. 

•  A model is useful when it serves the purpose for which it was 
developed: it addresses the right problem at the right scale and scope, 
and it represents system response correctly (is considered valid).  

•  Models are an abstraction of reality, and the greater the level of 
uncertainty and complexity of the problem, the more superficial 
objective comparisons between predicted results and observed data 
become.  

•  As a result, model validation becomes a social process where model 
structure and outcome are negotiated until judged valid and useful by 
all involved parties 

•  This concept of model usefulness requires transparency of the model 
development process and the model itself. 
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•   Causal loop diagrams (CLDs) help  
–  in capturing mental models, and  
–  showing interdependencies and  
–  feedback processes. 

•  CLDs cannot 
–  capture accumulations (stocks) and flows 
–  help in determining detailed dynamics 

Limits of Causal Loop Diagrams 
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Announcements	

http://vensim.com 

Please download Vensim from: 

Bring your laptops to the next class 

48 



References 

•  Business Dynamics: Systems Thinking and Modeling for Complex World, 
Sterman, McGraw Hill (2000).  

•  I. Winz, G. Brierley and S. Trowsdale, “The Use of System Dynamics 
Simulation in Water Resources Management”, Water Resources 
Management (2009) 23:1301–1323 

•  V. Tidwell, H. Passell, S. Conrad, and R. Thomas, “System dynamics 
modeling for community-based water planning: Application to the 
Middle Rio Grande”, Aquatic Sciences, (2004), 66: 357–372 

49 


