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Editor’s Introduction
Welcome to the third issue of the Journal of Policy and Complex Systems.

Complex systems define a class of problems that are often described as non-linear (the 
whole is greater than the sum of its parts), adaptive (both the system and its constituent 
parts adjust over time to the changes in the environment, within the system, and within 
the components), self-organizing (components self organize without central direction), 
and emergent (it is hard to anticipate the system outcome of interventions carried out at 
the component level). Such problems are found everywhere, from healthcare, economy, 
banking, and energy to retail, transportation, politics, and technology. 

Policy is a method for regulating such systems. Policies are usually put in place to remedy, 
inform, control, prescribe, or regulate certain aspects of the system. But policies don’t act at 
the system level through some all-powerful invisible medium that has to be followed by all 
components. Rather, policies act that the level of components, by regulating and prescribing 
behavior of components as they interact with each other and with the environment. 
Consequently, before we implement a policy it is important to understand its possible 
effects on the behavior of components that constitute the system itself.

The Journal of Policy and Complex Systems represents the forum for exchanging ideas on 
the best way to design, implement, and evaluate complex systems-based models of policies 
before they are institutionalized in their intended environments. As such, this journal is an 
extremely important development in the process of policy development, implementation, 
and evaluation. We hope that the reader will find the papers in this and other volumes of 
this journal informative and of practical value. We also hope that the reader will consider 
publishing his or her research in the future issues of the Journal of Policy and Complex 
Systems.

10.18278/jpcs.2.1.1
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John Henry Holland Overview- Dr. Joseph Cochran

John H. Holland was one of the founders of complexity science through his investigations 
of a interdisciplinary approach to computer science that interpreted the field as an 
evolutionary system rather than an engineering exercise.  He received the first computer 

science doctorate from the University of Michigan in 1959 and witnessed an increase 
in computing power during his long academic career that is difficult for the layman to 
understand.  The improvements in computing power that he witnessed led to the possibility 
of investigating the subject of complexity and, by 1990s, the creation of complexity science.
 John H. Holland was known for his contributions to a number of fields, ranging from 
cognitive science to statistical learning systems.  He was a champion of interdisciplinary 
studies, the result of his early efforts to use the lessons of evolutionary science within 
computer science, and often suggested that the advancement of human knowledge could 
only be achieved through examining the intersections that occurred between multiple fields 
of study.  His students have become celebrated for embracing the types of interdisciplinary 
research that have led to the advances in computing that are taken for granted by 
contemporary society. 
 John H. Holland was interested in a number of subjects, ranging from artificial 
intelligence to nanotechnology, and published extensively in a variety of fields.  While 
he was often thought of as the most learned of academics within his field, his peers often 
noted his contagious zeal towards gaining greater knowledge and towards finding the 
hidden patterns of seemingly chaotic systems.  If one sentence could be used to describe his 
academic career, it would be that he found order within chaos and then learned what the 
chaos around order that he found could tell him. 
 John H. Holland may be best known for his discovery of genetic algorithms, which 
allowed computer programs to mimic the evolution of biological systems.  Genetic algorithms 
have been used by computer scientists for decades to model the impacts of alterations and 
mutations within a closed system and have been used by evolutionary scientists to improve 
their own understanding of the processes that led to change within biological systems.  
Genetic algorithms have also been used to development of engineering solutions without 
physical experimentation through modeling the effects of random change.
 John H. Holland lived a rich and long life that was filled with meaning research and 
wonderful students, the perfect life for a career academic.  He directly influenced a legion 
of students and, through his students who went into academia for research and teaching, 
he will continue to effect the lives of countless people throughout the foreseeable future.  
The lessons that he taught his students, and the research that he gave to science, serves as 
a lasting example of the impact that the right person can have on the world when they are 
fortunate enough to be born at the right time in history.  He will be missed.  
 

10.18278/jpcs.2.1.2
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I - Background

Ideally, policies affecting tax compliance 
are the products of political decision 
making under the Stacey Matrix (Stacey, 

2011). Ideal political decision making means 
policymakers have a high degree of certainty 
on how best to achieve governmental ends 
even if the political will of the people and 
their representatives have very low levels 
of agreement on what they want from their 
government. For tax policy, this means 
policymakers are close to certainty about 
how tax compliance outcomes are created 
even if the citizenry is highly divided on 
which outcomes are desirable.
 Yet, in reality, tax policymakers tend 
to know little about how best to achieve 
optimal tax compliance outcomes. Cause 
and effect links are unclear, since none are 

sure about the effect of even tax audits on 
compliance.1 According to the Stacey Matrix, 
this low level of certainty combined with the 
low level of agreement by the citizenry lead 
to a chaotic atmosphere for tax compliance 
policy making, where disintegration, 
anarchy and massive avoidance quickly 
emerge. Traditional methods of planning 
and decision making are insufficient in these 
contexts.
 Researchers and theorists attempt to 
move the levels of certainty on tax compliance 
from low to high, thereby moving related 
tax policy making from the the “chaotic” 
to the “political” field. Many use models 
to represent tax compliance systems in an 
attempt to understand the nature and effects 
of the system.2 For example, Kim Michael 
Bloomquist developed a robust agent-based 
computational model (ABM) in an attempt to 

The principal purpose of this paper is to derive an expected value measure of 
the tax underreporting rate given only tax authority enforcement data. The 
main result is that the expected value measure of the underreporting rate is 
a modified geometric mean function of the audit rate and the proportion of 
audited returns found to contain underreported tax. This result hopefully 
allows agent-based model designers to create more valid models that explain 
the macro-level properties of tax compliance. This, in turn, should allow 
policymakers to be more certain in their political decisions on tax policy.

Keywords: tax, tax compliance, tax avoidance, underreporting, tax audit, 
complex systems

J. T. ManhireA

Deriving the Expected Value of The Tax Underreporting 
Rate

A Texas A & M University School of Law
1 Alm (2012) and Slemrod (2007) survey the literature on this disagreement.
2 Other attempts to created ABMs that represent the tax compliance dynamic include (Antunes et al., 2007; 
Davis, Hecht, & Perkins, 2003; Hokamp & Pickhardt, 2010; Korobow, Johnson, & Axtell, 2007; Mittone & 
Patelli, 2000; Zaklan et al., 2009).

10.18278/jpcs.2.1.3
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simulate the iterative interactions of players 
in the tax compliance drama. These players 
include taxpayers, the tax authority, tax 
preparers, and employers who report income 
information to the authority (Bloomquist, 
2004; Bloomquist, 2006; Bloomquist, 2011). 
Tax compliance ABMs such as those of 
Bloomquist and others hold promise in that 
these simulations might reveal emergent 
properties within the tax compliance system.  
Understanding these emergent properties, 
in addition to understanding micro-level 
taxpayer behavior, can greatly benefit tax 
policymakers as they seek to design rules 
that maximize both revenue generation and 
the social welfare principles of the larger 

governmental structure.3

 Generally, the research focus for 
ABM designers is on developing models 
that explain how macro-level phenomena 
emerge from the micro-level interactions of 
individual agents (Epstein & Axtell, 1996; 
Epstein, 2006). These models feature simple 
agents and only a few behavioral rules. They 
are considered “valid” representations of the 
phenomenon of interest if they can generate 
the real-world macro-level phenomenon or 
behavior observed in laboratory experiments 
or field studies (Duffy, 2006). Yet, ABMs 
used for tax compliance purposes require 
greater detail (Gillette, 2012). In addition to 
having detailed information about taxpayers’ 

Policy and Complex Systems

	

Figure 1:  An example of the Stacey Matrix.  Note that political decisions reside in the 
upper left (low agreement/high certainty) sector of the diagram.
Image credit: http://www.qualityintegration.biz/img/3430.jpg.

3 Although most regard a tax authority’s principal mission to be revenue collection, some have made 
convincing arguments that countries like the United States have a tax authority with a dual mission: revenue 
collection and benefits administration. This second prong is evidenced by social welfare programs baked 
into the revenue laws, such as the earned income tax credit (“EITC”) available to low-income taxpayers. The 
National Taxpayer Advocate (2009; 2010) provides commentary on the U.S. tax authority’s dual mission.
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situations, these models must contain 
assumptions about macro-level phenomena 
that are as close to real world experience as 
possible; including a tax authority’s audit 
rate, and the taxpayer population’s tax 
underreporting rate. These are critical design 
elements for ABM developers who seek to 
create a “valid” model.
 Averill Law (2007) defines a “valid” 
ABM as one that provides an accurate 
representation of the real world system 
under study. In practice, validating a 
simulation model involves comparing the 
model’s output to data from the actual 
system; if the two sets of data compare 
“favorably,” then the model is considered 
valid. Some authors have pointed out the 
lack of sufficient data on real world systems 
often makes it difficult to decide what 
constitutes a “favorable” comparison. The 
inability of ABM developers to conclusively 
demonstrate the validity of their models 
has made some traditionally-trained social 
scientists and non-academic practitioners 
reluctant to use ABMs (Leombruni & 
Richiardi, 2005; Marks, 2007). For this 
reason, ABM and other model designers 
require tax compliance data that is as accurate 
as possible. Although enforcement data on 
elements such as the audit rate are available 
to researchers in designing tax compliance 
models, underreporting data are not.
 The closest researchers have come 
to approximating the tax underreporting 
rate is when Mark Phillips (2011) manually 
counted the number of individual tax returns 
containing underreported income for all the 
returns sampled for the Internal Revenue 
Service’s “tax gap” study. Phillips found that 
approximately 32.5 percent of all individual 
returns contained underreported income.

 While the work of Phillips 
remains impressive and is a significant 
contribution to the tax compliance 
literature, it has two limitations. First, it 
only counts underreported income, not 
net underreported tax. Measures of these 
two are not identical, which is further 
reason to attempt an approximation of the 
underreported tax rate. Yet, Phillips’s finding 
can help gauge the overall accuracy of the 
method derived in this paper. An intuitive 
assumption is that the rate of underreported 
income and underreported tax should not 
be unreasonably divergent. Stated another 
way, the two should be relatively close in 
measure.
 Second, Phillips only estimates 
the rate of underreported income for 
individual tax returns. Similar rates for other 
reporting areas such as corporate, estate, 
and employment taxes remain unknown. 
Although “tax gap” studies estimate the 
magnitude of underreported tax in U.S. 
dollars, these studies do not report the 
relative frequency of returns containing net 
underreported tax. Given Phillips’s recent 
findings, the “tax gap” underreporting rate 
of about 18 percent cannot be used as a 
viable proxy for the net underreporting tax 
rate. The underreporting rate appears closer 
to 30 percent based on the work of Phillips.
 Without an accurate expectation 
of the net underreporting measures across 
tax reporting categories, results of ABMs 
and similar research might not be as 
meaningful. The results certain will not be 
seen as “valid” per Law’s definition since 
the input might not represent the data 
of real world experience. A method that 
closely approximates the expected value of 
the under reporting rate given enforcement 

4 The author’s previous use of this proxy by substituting the “tax gap” estimate for the underreporting rate was, 
therefore, in error (Manhire, 2015).
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data should allow researchers to design and 
analyze more accurate and valid models. As 
a result, tax policymakers will have more 
accurate information upon which to design 
legislation and regulations to maximize the 
revenue generation and social welfare goals 
of tax policy. This will bring policy on tax 
compliance from the chaotic towards the 
ideal political decision making field in the 
Stacey Matrix.
 The principal purpose of this paper is 
to derive an expected value measure of the tax 
underreporting rate given only tax authority 
enforcement data. The method derived 
here measures only the relative frequency 
of tax underreporting, not its magnitude. 
In other words, it only approximates how 
many returns contain net underreporting, 
not how much tax (in monetary units) is 
underreported. Although the derivation 
should be applicable to any tax system that 
meets the assumptions listed in §2, the paper 
makes specific reference to the United States 
tax system since those are the data both 
studied previously by Phillips and readily 
available for analysis.
 To be clear, this paper seeks only 
to derive a method for approximating the 
expected value of the underreporting rate 
from enforcement data. It does not seek to 
accurately measure the true underreporting 
rate for any given taxable period. The 
paper first outlines it assumptions, and 
then provides notation sufficient to explore 
the principal purpose. It then presents 
preliminary claims and proofs before making 
the final derivation. The paper concludes 
with a brief summary.

II - Assumptions

This paper makes the following 
assumptions about the tax system 
under consideration:

1. Taxpayers assess their income tax liability 
and include this assessment on returns 
they file with the tax authority.

2. The tax authority does not directly 
monitor taxpayer activities nor does 
it audit every assessment for accuracy. 
Instead, the tax authority selects a 
small sample of returns to audit. The 
paper refers to this as a “self-report/
audit system” (Kotowski, Weisbach, & 
Zeckhauser, 2014).

3. The tax authority’s sample selection 
criteria for return examinations (audits) 
are at least marginally more efficient 
at predicting which returns contain 
underreported tax than if the authority 
selected returns only at random.

4. The authority maintains statistical data 
that allows one to calculate the proportion 
of all filed returns that experience audit 
for any given tax period (the audit rate).

5. These same data allow one to calculate 
the proportion of audited returns that, 
according to the tax authority’s final audit 
determinations, contain underreported 
tax (the audit success rate).

III - Notation

For self-report/audit systems, a tax 
return in the population of all filed 
returns R has one of four event types. 

These types relate to whether the tax 
authority audits a return and whether a 
return contains underreported tax. In type 
A, a return experiences audit. In Ã, a return 
does not experience audit. In type U, a return 
contains underreported tax. In Ũ, a return 
does not contain underreported tax.
 A return can also exist in one of 
four outcome states. In state AU, a return 
experiences audit and contains underreported 
tax. In AŨ, a return experiences audit and 
does not contain underreported tax. In 
ÃU, a return does not experience audit and 
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contains underreported tax. In ÃŨ, a return 
does not experience audit and does not 
contain underreported tax. Therefore, the set 
of all possible outcomes is [AU, AŨ, ÃU, ÃŨ]. 
This set establishes the sample space.
 The magnitude |·| is the number of 
returns in a type or state. The magnitude 
of type A is |AU| + |AŨ|. The magnitude of 
type Ã is |ÃU| + |ÃŨ|. The magnitude of type 
U  is |AU| + |ÃU|. The magnitude of type 
Ũ is |AŨ| + |ÃŨ|. Since the total number of 
returns filed for a given taxable year is large, 
the ratio of the magnitude of a type or state 
to the magnitude of another type or the 
overall population of returns is sufficiently 
equivalent to the probability of the type/
state occurring so as to make the ratio and 
the probability measure synonymous.5 In 
general, the relative frequency of an event 
type t that is a subset of the larger event type 
T approximates the probability Pr(t) of type 
t, or |t|/|T| ≈ Pr(t). As |T| gets larger, the 
relative frequency better approximates the 
true probability of type t occurring. When |T| 
is very large, the relative frequency becomes 
equivalent to the true probability of the type 
occurring, or |t|/|T|     Pr(t).
 Since |R| is large in a country 
such as the United States where almost 
150,000,000 individual tax returns are filed 
every year, it is sufficient for purpose of this 
discussion to hold that the proportion of 
returns experiencing an event type to the 
total number of returns that make up the 
larger set under consideration (the ”given” 
in conditional probability) is equivalent to 
the true probability of returns experiencing 
that event type.6 For simplicity, the paper 
employs the following shorthand notation 
for the most significant probability measures 

involved in this inquiry.

• Let a denote the overall probability of A 
where Pr(A)       |A|/|R| (audit rate).

• Let d denote the conditional probability 
of A given U where Pr(A |U)       |AU|/|U| 
(detection rate).

• Let v denote the overall probability of U 
where Pr(U)    |U|/|R| (underreporting 
rate).

• Let z denote the conditional probability 
of U given A where Pr(U | A)      |AU|/|A| 
(audit success rate).

• Finally, let m denote the overall 
probability  of state AU where Pr(S1)
|AU|/|R| (mixed rate).

 Most tax authorities maintain data 
on the tax returns they receive. From these 
data, one can usually calculate the measures 
of states AU and AŨ. Because one can know 
the measures of AU and AŨ, one can calculate 
the measures a and z.  Because a and z are 
known, by definition m is known. States 
ÃU and ÃŨ traditionally have unknown 
measures. Accordingly, measures d and v are 
usually unknown.
 Previous work (Manhire, 2014) 
showed that the relationship between a, d, 
v, and z is identical to the theorem of Bayes,7 
which states that:

(1)

 The current paper assumes that any 
proposition for measuring the expected 
value of the underreporting rate must be 
consistent with the theorem of Bayes; that 
is, a proposition cannot be valid if it violates 
equation (1). The paper further assumes that 

5 E.g., taxpayers subject to U.S.  internal revenue laws filed 145,236,429 individual income tax returns in 
calendar year 2013.  (Internal Revenue Service, 2015).  This makes |R| sufficiently large.
6 This same equivalence assumption might not be possible in countries with a low number of filed tax returns.
7 The theorem states that Pr(H     K) = Pr(H) Pr(K | H) = Pr(K) Pr(H | K).

m	=	az	=	dv.	
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the expected measures of d and v can each 
be expressed as a yet-undefined mean of its 
lower and upper interval bound, consistent 
with the intermediate value theorem.8

 The geometric mean of x1 and x2 can 
be expressed in one of the following forms, 
where g(·) is a geometric mean function:

           (2)

Note that the second expression of g(x1, x2) in 
equation (2) is the anti-log of the arithmetic 
mean of the log-transformed values of x1and 
x2. This will become important later.
 Expected value, as the term is used 
here, means simply the determination of 
the measure of an expected outcome. For 
this paper, the expected outcome is the 
underreporting rate. The expected value is, 
therefore, the determination of the measure 
of the tax underreporting rate.

IV - Preliminary Claims

The following are claims and respective 
proofs necessary for deriving the 
expected values of the detection and 

underreporting rates.
 Claim 1  The value hierarchy a < d 
v < z always exists if the tax authority has 
audit selection criteria that perform more 
efficiently than a random number generator 
at predicting which returns might contain 
underreported tax.
 Proof.  If we set v = z (i.e., the 

underreporting rate equal to the audit 
success rate) it would mean that the tax 
authority’s audit selection criteria are 
equivalent to a random number generator. 
If the tax authority randomly selects returns 
for audit in large enough numbers, the 
proportion of audited returns containing 
underreported tax would be equivalent to 
the proportion of all returns in population R 
containing underreported tax.
 Yet, assuming the tax authority’s audit 
selection algorithms are even marginally 
more efficient that a random number 
generator, the proportion of audited returns 
containing underreported tax will always 
be greater than the proportion of returns 
in population R containing underreported 
tax.9 Therefore, we can conclude that v < 
z.  Given equation (1), if v < z, then a < d 
and d < v. Consequently, we can assume the 
value hierarchy a < d < v < z always exists if 
the tax authority has audit selection criteria 
that perform more efficiently than a random 
number generator at predicting which 
returns might contain underreported tax.
 Claim 2  The measures of d and v 
converge at the value √m; meaning d cannot 
have a measure greater than √m, and v 
cannot have a measure less than √m.
 Proof.  Per equation (1), as the value 
of d changes by a factor of n, the value of v 
changes by a factor of 1/n, or dn = v/n.  It 
follows from this that:

(3)

8 The intermediate value theorem states that given an interval I = [h, k] in the real numbers R and a continuous 
function f : I → R, if w is a number between f(h) and f(k), then there exists a position q, where q  (h   , k) such 
that f(q) = w.  Where w = 0, this is also known as the theorem of Bolzano (Russ, 1980).
9 An example of a tax authority’s audit selection algorithms is the Internal Revenue Service’s Discriminant 
Inventory Function System (DIF) score. According to the I.R.S.  (2012), “[DIF] is a mathematical technique 
used to score income tax returns for [audit] potential. . . . Each return measured under DIF receives a DIF 
score. Generally, the higher the score, the greater the audit potential.” Further, the agency (2013) holds that “[i]f 
your return is selected because of a high score under the DIF system, the potential is high that an examination 
of your return will result in a change to your income tax liability.”

g(x1,x2) = 𝑥𝑥1𝑥𝑥2 = exp[!! (logx1 +logx2)]. (2) 

 

n = 𝑣𝑣/𝑑𝑑 (3) 
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 Because we are looking for the value 
of the convergence of d and v, and because 
solutions cannot cause the violation of 
equation (1), we are looking for solutions 
for d and v such that n = 1.  This condition 
will produce the “max-min” for d and v, 
respectively. Given this condition, the 
unique solution for equation (3) is d = v 
when n = 1. We can, therefore, substitute 
the solution into equation (1) to get v2 = az, 
or v = √m.  Similarly, it follows that d = √m 
when n = 1.  Therefore, the value at which 
the measures of d and v converge is √m.
 Corollary.  Given the definition of m, 
if d and v converge at the measure √m, then 
a and z also converge at the measure √m; 
meaning a cannot have a measure greater 
than √m, and z cannot have a measure less 
than √m. Assuming the truth of Claim 1, 
it follows that the value of d exists on the 
interval, Id = (a, √m), a measure bounded 
by a and √m, and the value of v exists on the 
interval Iv = (√m, z), a measure bounded by 
√m and z.
 Corollary.  Per equations (1) and (2), 
the convergence point √m is the geometric 
mean of both a and z, and of d and v.

V - Deriving Expected Values

Claim 3  If Claims 1 and 2 are true, 
then the expected value measures of d 
and v are equivalent to the geometric 

means of their respective lower and upper 
bounds.
 Proof.  Assume the measures of 
d and v are the geometric means of their 
bounds.  From equation (2), it follows that:

(4)

and

(5)

Further assume that there exists a unique 
positive solution for the mean coefficient µ 
that satisfies the equations:

(6)

and

(7)

 Two probability distributions pd and 
pv exist across intervals Id and Iv, respectively. 
As a reminder, the purpose of this paper is 
to derive a method to calculate the expected 
value of the underreporting rate. Expected 
value has a nice visual interpretation as the 
balance point of a distribution. Imagine 
the probability measures are spread evenly 
across a horizontal axis from 0 to 1. If the 
horizontal axis were a “seesaw,” the expected 
value would be the point where the fulcrum 
would need to be to make the axis perfectly 
balanced.
 For this reason, the expected value of 
each distribution is typically the arithmetic 
mean (average) if each interval’s lower and 
upper bounds. If the expected values of 
measures d and v were each the arithmetic 
mean of the measure’s bounds, then µ would 
be 1/2.  Yet, at µ = 1/2, equation (1) is violated, 
as seen in the following illustration.
 Illustration.  If a = 0.0103, z = 0.8269, 
and µ = 1/2 then d = µ (a + √m) = 0.0512, 
and v = µ (z + √m) = 0.4595.  Yet, 0.0512 
× 0.4595 does not equal 0.0103 × 0.8269, 
that is dv ≠ 6 az.  This violates equation (1). 
Therefore, µ cannot equal 1/2 for equations 
(6) and (7); that is, the values of d and v 
cannot be the arithmetic means (averages) 
of their respective upper and lower bounds.
 Yet, if we take the arithmetic mean of 
equations (6) and (7) with log-transformed 
values, we find a different result. Equation 
(6) becomes log d = µ (log a + log √m), and 
equation (7) becomes log v = µ (log √m + 

d = 𝑎𝑎 𝑚𝑚 = 𝑎𝑎 𝑎𝑎𝑎𝑎 = 𝑎𝑎3𝑧𝑧!  (4) 

 

v = 𝑧𝑧 𝑚𝑚 = 𝑧𝑧 𝑎𝑎𝑎𝑎 = 𝑎𝑎𝑎𝑎3!  (5) 

 

d = µ(a + 𝑚𝑚), (6) 

v = µ(z + 𝑚𝑚). (7) 
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log z). In this instance, equation (1) is not 
violated at µ = 1/2.  Looking again at our 
illustration where a = 0.0103 and z = 0.8269, 
at µ = 1/2 the anti-logs of the arithmetic 
means of the log-transformed equations 
yield:

(8)

and

(9)

Since dv = az using equations (8) and (9), 
equation (1) is not violated. Because the 
geometric mean of the lower and upper 
bounds equals the anti-log of one half the 
sum of the log of the lower and upper bounds, 
the log transformations of equations (6) 
and (7) show that the values of d and v are 
equivalent to the geometric means of their 
respective bounds.
 The “seesaw” metaphor still holds, 
only now instead of a horizontal axis 
containing evenly-spaced values from 0 to 
1, the axis contains log-spaced values from 
0 to 1, as one would find on log graph paper. 
Given log-spaced values, the fulcrum of the 
“seesaw” between a and √m is d, and the 
fulcrum of the “seesaw” between √m and z 
is v. Likewise, the fulcrum of the “seesaw” 
between both a and z and d and v is √m. An 
inspection of these values on the horizontal 
axis of log paper illustrates this well.
 We can also approach the proof 
of Claim 3 another way. Since equation 
(1) states that d = az/v, we can write the 
following by substituting equations (6) and 
(7) for d and v, respectively:

(10)

This simplifies to:

(11)

 Substituting this solution into µ 
in equation (7), and assuming a and z are 
positive, we find the following unique 
solution for v:

(12)

Likewise, per equation (1), the solution for 
d becomes:

(13)

 These solutions for d and v are 
identical to the measures of d and v in 
equations (4) and (5), where we assume their 
expected values are the geometric means 
of their respective bounds. Therefore, the 
expected measures of d and v are equivalent 
to the geometric means of their respective 
lower and upper bounds.
 Consequently, one can calculate 
the expected values of d and v as the 
geometric means of their respective 
bounds given only the measures of a and 
z. Accordingly, the expected proportion 
of tax returns that contain underreported 
tax (the underreporting rate) and the 
expected proportion of returns containing 
underreporting that are audited can both be 
approximated knowing only the proportion 
of filed tax returns that experience audit (the 
audit rate) and the proportion of audited 
returns containing underreported tax (the 
audit success rate), or

(14)

and

(15)

where E(·) is the expectation operator.
 Yet, there is still one further 
modification that might come closer to 
approximating the underreporting rate. 

    d = exp[µ (log a + log 𝑚𝑚)]    (8) 

 

     v = exp[µ (log z + log 𝑚𝑚)].    (9) 
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Deriving the Expected Value of the Tax Underreporting Rate 

There is no evidence that the tax authority 
will detect underreporting on every return 
it audits. In other words, audits are less than 
perfect detectors of underreported tax.  For 
this reason, one can assume that the value 
of z is a lower bound of the probability of an 
audited return containing underreporting. 
The upper bound, arguably, is 1.00, since it is 
possible that 100 percent of returns selected 
for audit actually contain underreporting, 
even if the underreported tax eludes the tax 
authority upon examination.
 For this reason, z also takes on an 
interval value, where Iz = [(|S1|/|A|),1]. It 
stands to reason that the fulcrum on the Iz 
interval “seesaw” is also the geometric mean 
of the lower and upper bounds. Denote the 
lower bound as z and the upper bound as z'. 
Denote the expected value of the measure 
of v using z as E(v), as seen in equation (14). 
Denote the expected value of the measure 
of v using z' as E'(v).  Denote the geometric 
mean of the two as v*.
 Because v*= 

it follows that

(16)

 Let’s look at the results for v* 
using IRS enforcement data and Phillips’s 
approximation of v = 0.325 based on his 
manual count of audited returns as a 
benchmark. For calendar years 2007 through 
2013, the average overall individual income 
tax audit rate a is 0.0103. The average lower 
bound calculation of z for the same period is 
0.8269. Employing equation (14), this yields

while employing equation (16) yields

It appears the use of v* and not E(v) to 
approximate the measure of v produces 
results closer to those found in the real 
world per Phillips. While this does not 
confirm the accuracy of v* over E(v), it does 
suggest that the former is perhaps a more 
accurate approximation method than the 
latter, as would be theoretically expected in 
finding the fulcrum point of the “seesaw” 
between z and z'. Under Law’s definition of 
ABM validity in §1, this suggests that ABMs 
using v* would be more “valid” than those 
using (v).

VI - Conclusion

Some complexity science researchers 
have found that models such as 
ABMs can help discover the iterative 

dynamics of tax compliance in a self-report/
audit system. The validity of these models 
depend on accurate input assumptions, 
which include the audit and underreporting 
rates.  Although audit rates are typically 
available from tax authority enforcement 
statistics, underreporting rates remain 
hidden. Thus, researchers require a method 
to approximate the underreporting rate 
given available enforcement data.
 This paper attempts a derivation 
of the underreporting rate given only 
enforcement data. This approximation 
should move decisions regarding tax 
compliance policy from the chaotic sector 
to its proper home in the political sector of 
the Stacey Matrix. Hopefully researchers 
using ABMs and other models will more 
accurately discover the dynamics and 
emergent properties of tax compliance as a 
complex system. Such discoveries can better 
inform tax policymakers as to the laws and 
rules that best meet the dual goals of a tax 
authority; namely, maximized revenue 
collection and enhanced general welfare.
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Active Labour Market Policies (ALMPs) are generally analysed in the context of 
a macroeconomic approach or within a micro-econometric model. A critique of 
the usual economic analysis of labour markets states, however, that a standard 
economic approach does not take into account the role of complexity in the 
labour process.

The purpose of this paper is therefore to advance theoretical understanding of 
the matching process and its dynamics, focusing on an analysis at the regional 
level. Following an agent-based models (ABMs) approach and concentrating 
on the interactions between economic agents, we propose a model that 
describes the dynamic matching between labour supply and demand and how 
it is affected by specific changes in policy and social parameters. The model is 
still experimental and the definition of the initial conditions is very preliminary 
but it already allows to approximate quite a number of stylized features of a 
regional labour market. The model is programmed into NetLogo, a program 
specifically designed to implement agent-based modelling.

Keywords: labour market policy evaluation, agent-based computational model

1 - Introduction

Labor policies include measures that, 
in addition to acting directly on 
the labor market, may also refer to 

individuals. They aim at facilitating the 
matching of supply and demand and at 
improving the access to employment for the 
disadvantaged.
 In this sense, a first definition (Salesi, 
Piras, & Poggiu, 2004) can describe labor 
market policies as public interventions in the 

labor market addressed to reach its efficient 
functioning and to correct imbalances. 
A simple classification can divide labor 
policies into two broad categories:

(a) passive policies, implemented 
to alleviate the discomfort created 
by unemployment (unemployment 
benefits, early retirement, etc.);
(b) active policies, defined to affect 
the employment opportunities of 
individuals directly.
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In this case, they can deal with interventions 
for the employees (public employment 
services, guidance, and support for job 
search) or firms (public sector job creation, 
incentives to hiring, training subsidies).
 However, active policies are 
primarily aimed at integrating (or 
reintegrating) into the labor market those 
who are on the edge of unemployment. 
The long-term objective, consistent with 
the previous definition of active policy, is 
to pursue the most efficient functioning of 
the labor market, reducing the long-term 
unemployment.
 For many years, this issue and 
the process through which firms and 
workers meet in the labor market has 
been extensively studied and the matching 
process that affects employment and 
unemployed dynamics has been a central 
research topic in labor economics. Most 
of the literature has tried to explain these 
phenomena on the grounds of a standard 
“toolbox” based on micro-foundations, 
which postulate hyper-rational firms and 
workers: the “representative individual 
hypothesis” is often employed to overcome 
difficulties entailed by aggregation of 
heterogeneous agents. Moreover, static 
equilibrium conditions are largely used 
to interpret macro-economic dynamics 
(Fagiolo, Dosi, & Gabriele, 2004).
 Following this approach, Active 
Labor Market Policies (ALMPs) are 
generally analyzed in the context of a 
macro-economic approach or within a 
micro-econometric model. The latter is 
used among many authors (Kluve, 2010). 
This last paper, based on a data set that 
includes 137 programs from 19 countries, 
shows that it is almost exclusively the 
program type1 that seems to influence the 
effectiveness of the program.
 A critique of the usual economic 
analysis of labor markets states, however, 

that a standard economic approach does not 
take into account the importance of “soft 
skills” in the labor process. Recent research, 
indeed, based on empirical findings (Dawid 
& Gemkov, 2013; Pellizzari, 2011; Rebien, 
2010), highlights that social contacts like 
friends or relatives, organized in different 
types of networks (according to the average 
number of friends/relatives and the density 
of the network) have a substantial impact 
on the matching process. This view holds 
that relationships are fundamental to both 
employers and workers, since they are more 
likely to apply for jobs where they have a 
personal connection, and are more likely 
to be hired if they have, as an example, 
personality and communication traits, 
language, personal habits, or interpersonal 
skills.
 Moreover, workers (and jobs) are 
different and require different abilities. 
As highlighted in the analysis of search 
policy started by McCall (1970), only in 
the simplest job search model the searcher 
is assumed to know both the distribution 
of wages for his particular skills and the 
cost of generating a job offer, and job 
offers are consequently independent of 
random selections from the distribution 
of wages. These offers occur periodically 
and are either accepted or rejected. Under 
these conditions, the optimal policy for the 
job searcher is to reject all offers below a 
single critical number2 and to accept any 
offer above this critical number. However, 
a searcher in the labor market is clearly 
concerned not only with the hourly, 
weekly, or annual wage rate, but also with 
the anticipated period of employment. 
If other things are equal, the longer the 
period of employment, the more favorable 
the job opportunity is. The job searcher 
frequently possesses inadequate knowledge 
about the distribution of wages appropriate 
to his skills. In this circumstance, it is 
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important that he revises his estimate of 
the wage distribution as offers are made. 
If his initial estimate is high, an adaptive 
policy reduces the period of frictional 
unemployment and, similarly, if his initial 
estimate is low an adaptive policy makes 
him avoid “poor” offers. Unfortunately, 
this type of policies are expensive in terms 
of time and computational effort: for this 
reason, in addition to saving computational 
time, automated contracting through 
computational agents (a computational 
agent is an agent whose decisions about 
its actions can be explained in terms of 
computation) can increase search efficiency 
in certain problem applications.
 The purpose of this paper is therefore 
to advance theoretical understanding of the 
matching process and its dynamics, focusing 
on an analysis at the regional level. We 
propose a different interpretative strategy 
based on the acknowledgement that both 
firms and workers live in a complex system 
that evolves through time, which might be 
characterized by endogenous, persistent, 
different agents, which are heterogeneous 
in their endowments, wealth, behavior, 
and rationality (Fagiolo, Dosi, & Gabriele, 
2004).
 Starting from this context, agent-
based computational economics (ACE) 
models (Tesfatsion & Judd, 2006) identify a 
generic model in order to explain a complex 
phenomenon at a very abstract level. At the 
same time, this kind of model can be based 
on empirical data to describe a particular 
case study. Finally, ACE models include 
spatial characteristics: a person located in 
an area with low labor demand will have a 
lower probability of getting an employment. 
This fact is seldom covered in standard 
economic approaches (Dibble, 2006).
 This paper follows therefore an 
agent-based models (ABMs) approach 
trying to link micro-level and macro-

level evaluations and focusing on the 
interactions between economic agents. The 
so constructed model will actually try to 
describe the dynamic matching between 
labor supply and demand, as well as how it 
is affected by specific changes in policy and 
social parameters.
 The paper is organized as follows. 
In Section 2, we start by describing the 
convenience of evaluating Labor Market 
Policies with ACE. In Section 3, we present 
the model and we discuss its characteristics, 
design concepts, and functional 
specifications according to Dahlem ABM 
documentation (Wolf et al., 2010). We next 
present, in Section 4, two test experiments 
and first results. Finally, Section 5 draws 
some conclusions and perspectives.

2 - Labor Market Policy Evaluation 
with ACE

Recently, ABMs have been proposed in 
order to support labor policymakers 
in their decisions: a similar 

argument holds for many policy questions, 
which are typically related to at least some 
aspects of economy, technology, and actor 
behavior (Chappin, Chmieliauskas, & de 
Vries, 2012). With agents in a computer, 
it becomes possible to recreate the actual 
world on an artificial basis, to see the effects 
of the action and interaction.
 Computer simulation can effectively 
be considered as a “third way” between 
verbal argumentation and mathematical 
equations that can combine an extreme 
flexibility of a computer code, where it is 
possible to create agents who act, make 
choices, and react to the choices of other 
agents and to the modification of their 
environment, and its computational 
power. This approach allows researchers 
to use the descriptive capabilities of verbal 
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argumentation and the ability to calculate 
the effects of different situations and 
hypotheses together.
 According to Tesfatsion and Judd 
(2006), the main potential contributions 
of an ACE approach to labor research 
concern the possibility to model employers 
and workers as autonomous interacting 
agents, to define a preferential matching 
process (simulating endogenous hires, 
quits, and firings), to calibrate learning to 
data, to simulate the evolution of behaviors 
or interaction networks and, finally, to 
incorporate realistically detailed structural 
features as market protocols, policy rules, 
program eligibility requirements. If ABMs 
are built with sufficient richness and 
organization to be applicable to real policy 
questions, simulation can act as a sort of 
magnifier that may be used to understand 
reality in a better way.
 However, these new approaches 
are challenging, because new modeling 
techniques such as ABMs are not established 
in the way that traditional ones are (Lejour, 
Veenendaal, Verweij, & van Leeuwen, 2006). 
It is not possible, indeed, to assess the macro-
economic consequences of labor market 
policies using a pure micro-approach; 
in the same way, a macro-approach does 
not permit to look at an individual level, 
making impossible to evaluate the impact 
of ALMPs on a precise target group. 
Agent-based labor market models allow 
instead the extraction of information 
based on aggregate outcomes, which are 
fully explained by the characteristics of the 
agents and the systemic structure of their 
actions.
 Since these types of models simulate 
a complete set of individual observations 
they are also useful in addition to the micro-
econometric evaluation approach ex post. 
A final advantage is that the simulation at 
the individual level can help to formulate 

hypotheses on the micro-economic agent’s 
behavior using simple and intuitive rules, 
closer to the reality than the abstraction 
of rational aggregate models. This greater 
attention to micro-economic behavior 
characterizes the current ACE research.

3 - The Model

Following Dahlem ABM documenta-
tion guidelines (Wolf et al., 2010), the 
features of the model are structured 

as follows.

a. Overview

 The proposed approach has been 
implemented with an integrated (micro/
macro) simulation model. The model has 
been structured in modules (until now, two 
modules were implemented: subsidized 
training and job displacement effects), 
which let the user enable or disable some 
features to explore different policy options. 
Following the exposed perspective, we 
have developed a case study to test and 
validate the application of the proposed 
methodology and framework.
 The implemented ACE model 
considers a virtual regional labor market 
with firms and worker agents. Firms are 
assigned different sectors and have sector-
specific skill requirements.
 Let us consider a virtual word 
populated by a number nWork of worker 
agents. Each worker has assigned a 
nationality (native or foreigner), an initial 
random skill Si and an initial productivity 
Pi.
 There are nSect sectors in the virtual 
word and nFirm number of firms. The 
number nSect has to be ≤ nFirm. As in 
Neugart (2009) each firm has different skill 
requirements. Each firm is also assigned 
a random number of available vacancies. 
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The policymaker agent defines active labor 
market policies (ALMPs).
 During the simulation periods, 
the firms are hit by shocks and dismiss 
their employees that are “too costly.” The 
worker’s “cost” depends on his productivity 
Pi and his nationality (wage inequality, 
as described in Browne & Misra, 2003). 
Unemployed workers have to invest in their 
human capital, using their wealth (which 
at the beginning is set equal to initial-
wealth), to qualify for vacancies opened in 
different sectors. The policymaker finances 
the unemployed workers’ human capital 
investment.
 At present, the model does not 
consider an explicit relationship structure 
between agents but deals with the complex 
issue of aggregated phenomena in a 
regional labor market; characterized by 
an environment where individual agents 
(firms and worker agents), their decisions 
at the micro-level and the policies defined 
at a macro-level interact in a systemic way. 
We are therefore addressing some subjects 
like connecting the economic and cellular 
spatial simulation models.
 Specifically, this study seeks to 
identify traceable connections between 
micro- and macro-economic scales 
exploring a virtual regional labor market 
based on the real labor market in Southern 
Switzerland (Ticino and some districts of 
the Grisons). The particular geographical 
position of the Italian-speaking part of 
Switzerland was an incentive to build 
strong relationships between the cantons 
and the neighboring Italian provinces; as 
an example, one in four workers is a trans-
border commuter.
 The model is programmed into 
NetLogo, a program specifically designed 
to implement agent-based modeling, which 
has a programming language that is flexible 
and easy to learn.

b. Design Concepts

 When a simulation starts firms and 
workers are randomly allocated to sectors. 
If a firm is employing workers, it checks if 
they are “too costly”; if so they are fired. 
To do so firms check productivity and 
nationality (if the option foreign is selected at 
the beginning of the simulation). Moreover, 
a “layoff ” threshold (strict) controls the 
rigidity of the general labor market: the 
higher the threshold, the more is difficult 
for firms to fire workers.
 Unemployed agents decide whether 
to apply for a skill upgrading. They choose 
to undergo a skill upgrading in the sector 
j only if the following three conditions are 
satisfied:

(a) the vacancies in sector j are greater 
than a threshold (thrsflex2 for the 
secondary sector and thrsflex3 for the 
tertiary sector);
(b) their wealth is greater than 0 (the 
upgrade costs 1 unit of wealth);
(c) the cost of the human capital 
investment is less than a defined payoff 
(thrsprev), according to a particular 
investment strategy.

The first condition limit tries to capture the 
“flexibility” constraint pursued by modern 
labor market policies; the latter is a wealth 
constraint.
 The investment strategy is defined 
according to a learning model, which takes 
into account the job history of the worker, 
and measures the average payoffs the agent 
has gained in the previous periods. The 
best strategy is the one that has the sum 
of smallest difference between the current 
upgraded and the predicted upgraded 
for each of the preceding periods. The 
parameters number-strategies and memory-
size, respectively, define the maximum 
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number of strategies that a worker can 
consider and the maximum number of 
previous periods he can remember.
 Each firm opens vacant positions 
and receives applications; it then randomly 
chooses one applicant, who fits with the 
firm’s skills requirement (the hiring process 
probability depending on the history of the 
applicant and on a random parameter). The 
worker always accepts the first offer he gets.
 At present, the population level 
is considered stable, assuming that the 
simulation covers a short period of 
time, during which the workforce does 
not significantly change. The level of 
randomness (considering the simple 

structure of the model) is low, giving the 
user the power to tune most of the aspects 
of the simulation.

c. Functional Specification

 In conjunction with firms and 
worker agents, that are the most important 
agents in the model, there are different 
variables that contribute to define the 
simulation environment.

• Firms (Nfirm), that hire workers, 
assumed fixed in time and space;

An Agent-Based Simulation of the Swiss Labour Market: An Alternative for Policy 

 

Name Type Description Updating Initialization 

firm     

region patch  place where the 
firm is located  

fixed randomly 
assigned 

Nvacancy N = 1 + 
random 10 

number of 
available 
vacancies 

volatile randomly 
assigned 

sector N = [1, 2, 3] firm’s 
economic 
sector  

fixed randomly 
assigned 

Factory 
employed 

N ≤ Nvacancy employed 
number in the 
firm 

volatile computed 

 

 

Table 1—Firm’s state variables
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• Worker agents (Nwork), that apply for 
jobs;

Policy and Complex Systems

Name Type Description Updating Initialization 

worker agent     

nationality N = [0, 1] worker’s 
nationality (0 
Swiss, 1 
foreign) 

fixed computed: 20% 
of them are 
foreign 

wealth N = {0, 100} agent’s wealth volatile user input 

subsidized? N = [0, 1] subsidized 
worker 

fixed user input 

skills_level S N = [1, 2, 3, 4, 
5, 6, 7] 

worker’s skills 
level 

volatile randomly 
assigned 

productivity 
P 

N = [1, 2, 3, 4, 
5, 6, 7, 8, 9, 
10] 

worker’s 
productivity 

fixed randomly 
assigned 

worker? N = [0, 1] worker (true or 
false) 

volatile 0 

strategy N = [1, 2, 3, 4, 
5, 6, 7, 8, 9, 
10] 

agent’s strategy volatile randomly 
assigned 

best strategy N = [1, 2, 3, 4, 
5, 6, 7, 8, 9, 
10] 

best strategy volatile randomly 
assigned 

upgrade N = [0, 1] true if the agent 
currently plans 
to upgrade 
his/her skill 
level 

volatile 0 

prediction −1.0 < R > 1.0 current 
prediction of 
the skill 
upgrade 

volatile randomly 
assigned 

 

Table 2—Worker agent’s state variables
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• Variables that define the environment.
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Name Type Description Updating Initialization 

strict 0 <= R >= 1 “layoff” 
threshold 

fixed user input 

thrsprev N = {0, 50} “learning” 
constrain 

fixed user input 

memory-size N = {0, 10} agent’s 
memory size 

fixed user input 

number-
strategies 

N = {0, 20} agent’s 
maximum 
number of 
strategies 

fixed user input 

thrsflex2 0 <= R >= 1 “flexibility” 
constrain 
secondary 
sector 

fixed user input 

thrsflex3 0 <= R >= 1 “flexibility” 
constrain 
tertiary sector 

fixed user input 

employment 
rate 

0 <= R >= 1 employment 
rate 

volatile computed 

unemployment 
rate 

0 <= R >= 1 unemployment 
rate 

volatile computed 

skills level N total skill level volatile computed 

foreign N = [0, 1] nationality 
discrimination 

fixed user input 

JobDisplaceSub N = [0, 1] increase 
subsidy 10% 

fixed user input 

 

Table 3—Variables in the model
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 The model is initialized setting 
Nfirm, Nwork, and initial-wealth, and 
the parameters strict, thrsprev, thrsflex2, 
thrsflex3, memory-size, and number-
strategies discussed above. The model does 
not need external data.
 The simulation then runs according 
to the following scheme (Pseudocode):

Create firms and workers
Create sectors
Allocate randomly workers to sectors
Set initial conditions for n periods
Dismissal
For each sector
For each worker
If worker’s cost > threshold
Dismissal
Human capital investment
For each unemployed
If vacancy in sector i > threshold invest
Else if calculate payoff
Choose investment strategy
Apply investment strategy
Hiring
For each sector
For each firm
If vacancy
If worker apply
Select worker
Else
Not fill vacancy
End n period

 A single iteration involves the steps 
summarized in the overhead Pseudocode. 
An iteration is repeated 1,000 times, with 
the time limit set to 1,000. The general 
Baseline model simulates a labor market 
that consists of 15 firms, each posting a 
random number of available vacancies 
between one and 11, and 50 workers. The 
user input values are set according to the 
values contained in Table 4.

Table 4—Baseline model parameters

 What is following the reported are 
the values of the last iteration of each of the 
1,000 runs that were conducted.
 In Figure 1, the histogram for 
the unemployment rate is plotted. The 
simulation refers to the case without 
government training policies, which are 
described in the following section.
 On average, the unemployment 
rate is 4.6%, while the employment rate is 
conversely around 95.4%.
 Importantly, this result is sensitive 
to the magnitude of the thresholds or of 
the initial_wealth for the human capital 
investment (Table 5). By assuming a 1% 
intensification for the “layoff ” threshold, 
the policymaker can obtain a 0.58 point 
decrease on average in the unemployment 
rate, 2.63 in percentage less than the initial 
estimated rate. Increasing initial-wealth, 
unemployment goes down driven by a 
higher inflow rate from unemployment.

Policy and Complex Systems

 
 Parameter Value 

Baseline Model:   

NFirm  [15] 
NWork  [50] 
initial_wealth  [10] 
strict  [0.99] 
thrsprev  [4 ] 
memory-size  [5] 
number-strategies  [10] 
thrsflex2  [ 0.7] 
thrsflex3  [0.5] 
foreign  [0] 
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Table 5—Average labor market effects 4 - Experiments

The usual validation procedure 
involves multiple Monte-Carlo 
simulations and the analysis of the 

aggregate data (Lewkovicz, Domingue, & 
Kant, 2009). Using NetLogo the procedure 
is performed through the “Behavior space” 
tool that allows the user to set up experiments 
with multiple repetitions.
 Moreover, BehaviorSearch, a 
software tool implemented to help in 
automating the exploration of agent-
based models (ABMs), by using genetic 
algorithms and other heuristic techniques 
to search the parameter-space, has been 
tested. BehaviorSearch provides a low-
threshold way to search for combinations of 
model parameter settings that will result in 
a specified target behavior. According to the 
BehaviorSearch documentation the model 
exploration follows four steps:

An Agent-Based Simulation of the Swiss Labour Market: An Alternative for Policy 

	Figure 1—Histogram of cumulative unemployment rates

 

initial_wealth Unemployment 
rate 

Baseline Model: 
strict = 0.99   

10 4.63% 
20 4.58% 
30 2.30% 
40 2.10% 
50 1.63% 
Sensitivity Analysis 
strict = 0.98   

10 5.21% 
20 5.18% 
30 2.81% 
40 2.68% 
50 2.21% 
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By changing the model parameters, the user 
can therefore explore alternative policy 
measures that might lead to different labor 
market outcomes altering the economic 
efficiency of a given policy.
 Finally, the versatility of the model 
allows the integration of any further 
information gathered about the regional 
labor market or the implemented form of 
each Active Labor Market Policy (ALMP). 
The model can therefore be used to study 
the relationship between treatment effects 
on the individual level and the macro-
economic outcome. For this reason, we 
attempt to quantify the effect within the 
agent-based model by dividing the workers 
into equally sized groups, one of treated 
and one of non-treated workers. The setup 
of two test experiments is described below. 
In the experiments that follow, different 
run-periods of the algorithm described in 
the Functional Specification paragraph are 

selected.

4.1 - Job displacement effects

 A first base test concerns the 
impact of an increased subsidized training: 
comparing a “base” and an “incremented” 
subsidy. The worker agents are thus divided 
into two groups. The first group, “base 
subsidized,” contains agents with only the 
initial wealth as defined in the initial setup, 
while the second group, “incremented 
subsidized” workers, contains agents with 
an extra one fifth of the initial wealth, 
which constitutes the subsidy. After that the 
simulation is run. Finally, the employment 
rate is checked against the base condition.
 The user input values are set as in the 
Baseline model (Table 4). After 1,000 steps, 
the tool provides an increase in the average 
final employment rate of two points.

Policy and Complex Systems

Table 6—BehaviorSearch exploration steps

 

Subsidized training  

 
  

Strict Initial wealth Unemployment 
rate 

0.99 10 2.74% 
0.99 15 2.68% 
0.98 10 4.71% 
0.98 15 4.62% 
 

 

Table 7—Experiment Subsidized training 

1. Designing a quantitative measure for the labor market outcome or policy 
that policymaker is interested in. 

2. Choosing parameters to vary and what ranges are allowed. 

3. Choosing a search algorithm and running it. 

4. Final examination of the results, studying what parameters most affect 
the initially defined labor market outcome or policy. 
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 Assuming a higher initial-wealth of 
15 and a lower strict value of 0.98, the effect 
of the “incremented subsidy” disappears. 
This implies that, according to the model, 
subsides are not effective if the labor market 
is more flexible, and therefore policymakers 
should invest in different policies (i.e., 
support for job search).

4.2 - Job displacement effects

 A second experiment concerns 
the analysis of the treatment effects on the 
individual and the macro-economic level. 
From a theoretical perspective ALMPs 
cause an increase in the size of the labor 
force (allowing more people enter in the 
market) and this involves more competition 
in the labor market and could produce 
the opportunity for firms to dismiss “non-
subsidized” workers and to replace them 
with “subsidized” workers (Froy & Giguère, 
2010). The simulation assumes therefore that 
the subsidy “improves” the history of the 
applicant, increasing his hiring probability.
 As in the previous experiment worker 
agents are divided into two groups, one of 
treated and one of non-treated workers; the 
agents from the non-treated group do not 
receive subsidies. The experiment is divided 
into two phases. In a first simulation round, 
no subsidies are given to neither the treated 
workers nor to the non-treated workers, then 
in a second round, the agents that belong to 
the treated group are subsidized. Finally, the 
last differences between the employment rate 
of treated and non-treated agents for both 
round are compared.
 The user input values are set 
according to the values contained in Table 8.
 In this case, after 1,000 steps, results 
show a negligible difference in the average 
final employment, showing that the macro 
effects, as the total skill level of the applicant 
or his human capital level, exceed the 

signal effect of the subsidy on the workers’ 
history. This result, which is contradicted by 
empirical evidence, constitutes a point for 
further improvements of the model.

Table 8—Experiment Job displacement—
parameters

Table 9—Experiment Job displacement—
effects

An Agent-Based Simulation of the Swiss Labour Market: An Alternative for Policy 

 

Parameter Value 
Job displacement :   
NFirm  [15] 
NWork  [50] 
initial_wealth  [10] 
strict  [0.99] 
thrsprev  [4 ] 
memory-size  [5] 
number-strategies  [10] 
thrsflex2  [ 0.7] 
thrsflex3  [0.5] 
JobDisplaceSub  [0] 
foreign  [0] 
 

 
 

Job displacement 
effects    

  Unemployment 
rate 

First round   

treated workers 4.61% 

non-treated 
workers 4.62% 

Second round   

treated workers 4.57% 

non-treated 
workers 4.68% 
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5 - Discussion and perspectives

This agent-based model (ABM) is 
intended as a first prototype of an 
agent-based regional labor market 

model with sector-specific requirements. 
This paper, therefore, proposes a general 
methodology, agent-based computational 
economics (ACE), aimed to identify and 
quantify the effects of different situations 
and hypotheses together.
 We have highlighted a mechanism 
of the job search in a regional labor market 
characterized by a complex environment 
where firms, worker agents, and policies 
interact in a systemic way. At this point, 
the model is still experimental and the 
definition of the initial conditions is 
preliminary (the initial conditions on 
nSect, nFirm, nationality, skills Si, and 
productivity Pi are based on empirical 
data, coming from a Swiss regional labor 
market analysis), but it already allows to 
approximate quite a number of stylized 
features of a regional labor market. The 
benefits of this type of model are potentially 
many. The most obvious advantage is that 
it permits to simulate at an individual level 
the political impact of highly differentiated 
policies. This advantage has its counterpart 
in terms of results. Such a model that 
simulates a sample of individuals or firms 
can give messages on the evolution of a 
very large number of output variables, as 
employment rates, unemployment, labor 
turnover, length of stay in different states.
 Human capital accumulation 
within the model is effective on its own to 
account for many formalized facts. Indeed, 
the model implies that skill improvement 
is essential in facilitating the matching 
process; furthermore, the flexibility level is 
a key part of an efficient labor market.
 Moreover, the actual implementation 
of the model is effective in testing different 

scenarios useful in the evaluation of 
different policy setting. In fact, the tool 
permits to set model parameters on worker’s 
nationality, agent’s wealth, agent’s strategy, 
worker’s “learning constraint,” flexibility of 
the labor market, and differences between 
sectors. As an example, an improvement of 
the sectorial flexibility of the labor market 
can significantly modify the employment 
rate.
 However, the approach of evaluating 
labor market policies with agent-based 
models (ABMs) entails strong assumptions 
and some issues. The model specification 
is a key factor that can involve difficulties 
and the definition of the initial conditions 
is still imperfect. In such models, some 
issues such as empirical initialization, the 
limitations of data collection, empirical 
validation, or the role of data in the design 
must be addressed. The model should be 
considered as a starting point for further 
improvements.
 As an example, in the study of 
labor markets, gender, age, education, and 
nationality (local-foreigners) inequalities 
are the four  most relevant issues to have 
in mind; we are aware that the inclusion of 
a greater heterogeneity of agents (gender, 
age, formal education) is a crucial issue as it 
affects the labor demand function/decision 
rule in several ways. By introducing 
an empirically grounded agent-based 
modeling technique, it should be possible 
to address some challenging issues in 
modeling of complex regional labor 
markets phenomena.
 We finally consider enlarging the 
analysis to a wider geographical area in 
order to cover a greater labor market; the 
integration of a GIS module would make 
the policymaker self-confident with the 
geographical context.

Policy and Complex Systems
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Endnotes
1 Kluve (2010), following classifications that have been suggested and used by the OECD and Eurostat, 
identifies four program categories: the first program type, “(labor market) training,” encompasses 
measures like classroom training, on-the-job training, and work experience. The second, “private 
sector incentive programs,” comprises all measures aimed at creating incentives to alter employer 
and/or worker behavior regarding private sector employment. In contrast to subsidies in the private 
sector, the third program type, “direct employment programs in the public sector,” focuses on 
the direct creation and provision of public works or other activities that produce public goods or 
services. The fourth type of program, “services and sanctions,” encompasses all measures aimed 
at enhancing job search efficiency. Moreover, regarding target groups of ALMP, “youth programs” 
comprise specific programs for disadvantaged and unemployed youth, including training programs, 
wage subsidies, and job search assistance. Finally, the category “measures for the disabled” includes 
vocational rehabilitation, sheltered work programs or wage subsidies for individuals with physical, 
mental or social disabilities.
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2 McCall (1970) discusses the meaning of this “critical number” and proves: “The cost, c, is incurred 
simultaneously with the offer, x. If the process terminates, i.e., employment commences after N job 
offers, then the return, f, is simply the value of the Nth offer, say xN, less the cost of search, c, times 
the number of job offers: f = xN−cN. If an x is observed at the first period and the process continues 
in optimal fashion thereafter, the return is given by
f (x) = −c+max [x, E( f(x))].
If we let ε= E(f(x)), it is clear from this equation that the optimal policy has the following form: 
continue searching if x < ε 
accept employment if x ≥ ε

Where: c = cost per period of search, 
x = a random variable denoting the job offer 
Φ(x) =the probability density function of x
f (x) = maximum return obtainable when a job offer x has just been observed.
3 A complete dissertation on this topic can be found in Terna (2013).
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Computational Modeling of Caregiver Stress
William G. Kennedy,A Emily S. Ihara,A Catherine J. Tompkins,A Megumi 
Inoue,A and Michael E. Wolf-BraniginA

Caregivers providing support to family members with Alzheimer’s disease 
often encounter high levels of stress within the fragmented long-term care 
system. To address this emerging issue affecting millions of families, we applied 
agent-based computational modeling methods to better understand the 
impacts of policy alternatives. Potential options include increased respite care, 
tax incentives, work place policies, and adult day services as alternatives to 
reduce caregiver stress. Experiments with our model demonstrate that policy 
options providing programs, services, and support for caregivers can reduce 
their stress by providing a minimum of 16 hours per week of respite care.

Keywords: agent-based modeling, caregiving, complex adaptive systems, 
respite, older adults, social policy

Computational Modeling of 
Caregiver Stress 

Caregiver stress is an ongoing and 
multidimensional issue that will 
continue to affect millions of families. 

A likely contributor to caregiver stress is 
the fragmented long-term care system that 
has developed over many years to address 
specific problems without an overarching 
directed effort to create a seamless 
wraparound approach. Policymakers 
cannot agree on the best policy solutions, 
particularly to fund long-term care services. 
Although there are no easy answers, agent-
based modeling provides a computational 
method to forecast individual and group 
interactions occurring within dynamic 
systems, and therefore is an ideal method 

for testing various policy solutions for a 
complex issue. The increased computational 
power available to even the casual user 
over the past decade facilitates using this 
bottom-up approach for creating simulated 
environments in which experiments may 
be conducted. Agent-based modeling 
provides an approach for investigating 
complex phenomena by computationally 
simulating the interactions of autonomous 
agents in order to assess their effect on 
whole systems. Agent-based models 
(ABMs) create a “social reality” generated 
from several variables or inputs. ABMs are 
created to model an environment in which 
interactions, characteristics, and behaviors 
of individual agents are identified; this leads 
computational simulations to forecast the 
emergent behavior for the entire group.

A George Mason University, Fairfax, Virginia

10.18278/jpcs.2.1.5
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Review of Literature

Social work researchers have begun to 
embrace agent-based modeling. In 
recent decades, complexity theory, as 

implemented in complex adaptive systems, 
has become an accepted natural science 
paradigm. Its assumptions, however, 
have posed significant challenges to its 
implementation in the social work literature. 
Until the last few years, the application 
relied on its metaphorical use (Bolland & 
Atherton, 1999; Halmi, 2003; Hudson, 2000, 
2004; Trevillon, 2000; Warren, Franklin, 
& Streeter, 1998; Woehle, 2007). Although 
identified as a promising approach more 
than three decades ago (Wooldridge, 1981), 
social science researchers and evaluators 
have begun to apply this approach to 
the third pillar of science (after data and 
theory). 
 Models are created to simulate 
an environment or reality, and then 
experiments are run within these 
environments in order to forecast specific 
phenomena (Epstein, 1999; Wolf-Branigin, 
2012). Unlike the more widely used systems 
dynamics modeling (Sterman, 2000), which 
focuses on macro-level system behavior, 
agent-based modeling starts at the opposite 
end and model’s interacting individuals 
as agents to understand the emergent 
group behavior. Modeling allows us to 
visualize the larger patterns resulting from 
the individual-agent-level interactions 
and allows for information concerning 
individual decisions and preferences to 
be entered into model building (Wolf-
Branigin, 2013).

Agent-Based Modeling in Social Work

 Use of agent-based modeling in 
social service-related research though 

limited has begun to be published (Israel 
& Wolf-Branigin, 2011). Examples vary 
and address topics including public health 
and epidemiology (Auchincloss & Diez 
Roux, 2008; Gorman, Mezic, Mezic, & 
Gruenewald, 2006), racial segregation 
(Chen, Irwin, Jayaprakash, & Warren, 
2005; Schelling, 1978), and behavioral 
and ecological interactions (Epstein & 
Axtell, 1996). More recently, agent-based 
modeling has begun to appear in the social 
work literature as demonstrated by its use 
to investigate social and cultural capital 
(Woehle, Jones, Baker, & Piper, 2009), 
home care services (Isern et al., 2009), and 
caregiving and older adults (Ihara, Horio, & 
Tompkins, 2012).
 Agent-based modeling has a 
potential role in detailed policy analysis 
in the era of big data (Couldry & Powell, 
2014; Pentland, 2014) because of the 
increased availability of individual level 
data. Problems still exist, however, in 
matching current modeling schemes and 
social realities (Miller, 2014). In an effort 
to increase a realism perspective to the 
development and use of this modeling 
approach in the social policy arena, this 
methodological article seeks to explain 
how to design and document the process of 
ABM building using our model of caregiver 
stress as an example.

Caregiving for Individuals with Dementia

 Alzheimer’s disease and other 
dementias are debilitating, progressive, 
and costly, affecting individuals, their 
families, and the long-term care system. 
Approximately, 5.2 million people were 
diagnosed with Alzheimer’s disease in 
2014 and projections are that these rates 
may nearly triple to 13.8 million by 2050 
(Alzheimer’s Association, 2014). Informal 
family caregivers provide the majority of 
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care to frail older adults; this assistance is 
invaluable and fulfills an important role not 
only for persons with dementia, but also 
for society as a whole (Robison, Shugrue, 
Fortinsky, & Gruman, 2014).
 Dementia caregiving can be 
a frustrating and difficult experience 
depending on the symptoms of the 
individual with dementia and the 
environmental supports that are in place to 
assist the family caregiver. Although many 
caregivers try to keep their family members 
out of institutions as long as possible, the 
absence of relief for the dementia family 
caregiver may have deleterious outcomes for 
both the family caregiver and the individual 
with dementia. The family caregiver may 
experience high levels of stress, depression, 
and illness (Schulz, Boerner, Shear, Zhang, & 
Gitlin, 2006), leading to poorer quality of life 
for both, the individual with dementia and 
family caregiver and possible early nursing 
home placement (Benjamin, Matthias, 
Kietzman, & Furman, 2008; Gaugler, Kane, 
Kane, & Newcomer, 2005; Yaffe et al., 2002).
 As Alzheimer’s disease and other 
dementias progress, behaviors and 
subsequent caregiving responsibilities 
change. In the early stage of the disease, an 
individual may experience mild cognitive 
difficulties, but is typically able to continue 
to perform activities of daily living (ADLs) 
and communicate. Caregiving at this 
stage is often more supportive, helping 
the individual cope with memory loss. 
During the middle stages, damage to the 
brain may affect a person’s behavior, ability 
to communicate, and ability to perform 
basic tasks. Common behaviors as the 
disease progresses may include wandering, 
repetitive behavior, physical and verbal 
outbursts, and sleep changes (Alzheimer’s 
Association, n.d.). Caregiving at this stage 
involves more hands-on assistance with 
ADLs, such as dressing, bathing, eating, 

and grooming. Wandering behavior often 
creates a safety issue for those living in the 
community, and preventing wandering 
becomes a prime caregiving challenge. For 
those living alone, the individual may need 
to move in with relatives or to a residential 
care facility.
 Caregivers unable to provide 
supervision all day must find a way to 
keep the individual safe, and may turn to 
options such as adult day healthcare or a 
personal care aide. The middle stage of the 
disease typically lasts the longest and may 
have several crisis points as the level of 
independence decreases. During the later 
stages of the disease, an individual may have 
difficulty eating or swallowing, may need 
assistance with walking, may need extensive 
personal care, and may lose the ability to 
communicate verbally. At this point, the 
needs of the individual may exceed the 
caregiver’s ability to provide the necessary 
care at home (Alzheimer’s Association, n.d.).
 Behavioral issues rather than 
cognitive abilities are more highly 
correlated with caregiver burden and 
depression, especially behaviors such as 
aggression, agitation, and wandering at 
night (Gallicchio, Siddiqi, Langenberg, & 
Baumgarten, 2002; Gaugler et al., 2005; 
Gonyea, O’Connor, Carruth, & Boyle, 
2005; Rinaldi et al., 2005). Appropriate 
interventions can alleviate caregiver burden 
and maintain individuals with dementia at 
the most appropriate level of care (Etters, 
Goodall, & Harrison, 2008).

Theoretical Framework: Stress and Coping 

 This study uses Lazarus and 
Folkman’s (1984) stress and coping 
paradigm to model the decision-making 
process for family caregiving of individuals 
with dementia across the different stages. 
The caregiver stress and coping paradigm 
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depicts the adaptational outcomes related 
to the stressors of caregiving based on 
the appraisal, coping responses, and 
social support of the individual caregiver. 
Stressors experienced by family caregivers 
of people with Alzheimer’s disease and other 
dementias include the specific stage of the 
disease (depicting the severity of cognitive 
impairment), behavioral problems such as 
wandering and aggressive behavior, and 
the inability to perform activities of daily 
living (ADLs) (Haley, Levine, Brown, & 
Bartolucci, 1987).
 The caregiver’s appraisal of the level 
of stress he/she is experiencing, the ability 
to manage the stress appropriately, and 
the level of social support that is available 
determine a caregiver’s decision to move 
a family member from community-based 
care to a long-term, institutional caregiving 
environment such as nursing home 
placement. In particular, crisis situations 
can create a sudden increase in stress that 
is beyond the caregiver’s ability to cope. 
Interventions that assist the caregiver 
and prevent inappropriate or unwanted 
nursing home placement may contribute 
to sustainable solutions that enhance 
the quality of life for the individual with 
dementia and the family caregiver.
 There are many factors coming 
into play as family members consider the 
need for increased care for frail family 
members. Ihara, Horio, and Tompkins 
(2012) conceptually grouped variables into 
two domains—motivation and capability—
in their study of grandchildren opting to 
provide care for their grandparents. They 
defined capability as a family member’s 
discretionary time and proximity to the 
frail older family member and motivation 
as the desire and sense of obligation to 
provide care after considering the costs and 
benefits. For the current study, a model was 
developed to explore public policy options 

to support family caregivers providing long-
term, family-based, in-home caregiving.

Policy Options 

 For our model, possible interventions 
include increasing options that will support 
family caregivers. Policy options such 
as increased respite care availability, tax 
incentives, work place policies, and adult 
day health services may support aging-in-
place (Chen, 2014). Some of these options 
are currently available through public laws 
such as (1) the Family Medical Leave Act 
(P.L. 103-3), provisions under Title III, (2) 
Part E of the Older Americans Act related 
to the National Family Caregiver Support 
Program (P.L. 109-365), and (3) the Lifespan 
Respite Care Act (P.L. 109-442) (Ihara, 
Horio, & Tompkins, 2012).
 Unfortunately, home- and 
community-based services (HCBS) are 
often out of reach for near-poor older adults 
who may not qualify for publicly funded 
services. Provisions for long-term care under 
the 2010 Patient Protection and Affordable 
Care Act (P.L. 111-148) have provided 
several expansions of HCBS under State 
Medicaid Programs, including the Balancing 
Incentives Program, the Community First 
Choice state plan option, and the Home 
Health state plan option (O’Shaughnessy, 
2013). These and other programs such as 
the Community Innovations for Aging in 
Place program help promote aging in place 
(Greenfield, 2012), but the growing need 
for services may not match the availability 
or ability of state and local communities to 
meet all the demands.
 In 2009, the National Alliance for 
Caregiving reported that more than half 
of caregivers who responded to a survey 
asking them to rate six potential policies or 
programs indicated that a $3,000 tax credit 
would be either their first or second choice 
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(National Alliance for Caregiving, 2009). 
To test this policy option, Ihara, Horio, and 
Tompkins (2012) used an ABM to explore the 
likelihood that grandchildren would become 
a primary caregiver for a frail grandparent. 
They found that a targeted-policy scenario 
where high-income families do not get a 
tax credit, middle-income families receive a 
$3,000 tax credit, and low-income families 
receive a higher tax credit had better results 
for motivating grandchildren to become 
caregivers than the universal policy of a flat 
tax credit for all caregivers.
 These various policy options 
potentially are the foundation for the 
decision-making process of an older adult 
and his/her family regarding the best living 
situation including independent living, 
home-based supportive living, assisted 
living, or nursing home placement. Further, 
these options may not necessarily alleviate 
the burden for all families, pointing to 
the need to better understand what mix 
of services and support can enhance the 
decision for caregivers and care recipients.
Unlike mathematical models of a society, 
which represent all or large portions of a 
society as a single unit, ABMs represent 
the individuals and emerge their collective 
behavior. This leads to the research question 
of how to forecast caregiver stress for those 
providing support to individuals with 
dementia. We took an agent-based modeling 
approach and explain the details on how the 
model was built, run, and analyzed.

Methods

Agent-Based Modeling

Agent-based modeling is a computer-
based simulation methodology 
that can support testing of policy 

options. The idea is to formalize processes 
in a computer program, which can then 

be run with different policies implemented 
and the simulation can report the effects. 
Such a simulation includes models, that 
is, computational representations, of the 
conditions and processes people live in 
(their environment), the people themselves 
(called agents), and how they interact. This 
is not simply having the computer calculate 
the overall effects through mathematical 
formulae for the behavior of the overall 
system for different initial conditions. The 
key idea in agent-based modeling is that 
the modeling is at the level of individual 
agents who sense the environment and 
respond reasonably. Agent-based models 
(ABMs) can represent the diversity in a 
human society and then produce individual 
and appropriately varied behavior in their 
responses to changes in the environment.
 While modeling cannot provide an 
exact fit to reality, Epstein (2008) discussed 
16 reasons, or benefits, for modeling. For the 
purposes of this paper, the salient reasons for 
addressing this topic by modeling include:

1. the tendency of humans to create implicit 
models in our minds with ABMs being 
explicit and calibrated to the actual data;

2. modeling assumptions are laid out in 
detail so that changes can be observed 
when the assumptions are altered;

3. sensitivity analysis can be conducted;
4. models can lead to new questions; and
5. modeling enforces a “scientific habit of 

mind.”

Simulated Model

 To focus on the decision making 
involved with this topic, we use a mixed 
approach. Overall, this is an ABM (Gilbert, 
2008) with the individual agents built 
on simple system dynamics models of 
their health and stressors. The model is 
implemented in NetLogo (Wilensky, 1999) 
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and this description of our model is based 
on the approach described as “ODD,” for 
overview, design concepts, and details 
(Grimm et al., 2010) and extended it to 
ODD+D (Müller et al., 2013), which added 
a “D” for agent decision making. This paper 
is not a full description of the model, but 
focuses on the agents and their behavior 
and uses an ego-centric approach that 
models the dyads of older adults and their 
caregivers. The model and its associated 
ODD+D are available on the website Open 
ABM.1

 Our notional model has 100 agents 
representing older adults and approximately 
60 agents as their associated caregivers 
because approximately 40 of the older adults 
provide their own care. This magnitude of 
these values was chosen to be an appropriate 
scale for representational validity and to 
avoid the appearance to precision that is 
not inherent in the model’s details. The 
caregivers may be family members (spouse, 
adult daughter, or other kin), professional 
caregivers, or institutions. We could have 
had many more types of caregivers, but it 
would be inappropriate given the other 
modeling assumptions. Each step of the 
model represents events and changes that 
occur over a year. A year was chosen to be 
consistent with the level of precision for the 
overall model. Other models could use a 
time step of a season, month, week, or day, 
but they would need more reliable models 
of events on their selected scale. With each 
step, the general and mental health of the 
older adults may decline. If conditions 
change, the provider of the care may 
change from self to family, from family to 
a professional, or from a professional to an 
institution. The older adult might also pass 
away during the modeled year. New older 
adults are added in each step to keep the 
population of older adults at a steady count 
of 100 agents. The mix of care providers is 

driven by the health of the associated older 
adult.

Agents Representing Older Adults

 Agents in the system representing 
older adults have variables for their age, 
general health, mental health, and who 
provides their care. The agents are initialized 
randomly but are given characteristics that 
replicate the population statistics mean 
and standard deviation as appropriate for 
the simulated age of the agent (Fowler 
& Fisher, 2009). They are also initialized 
with different levels of physical and mental 
challenges consistent with the data (Federal 
Interagency Forum on Aging-Related 
Statistics, 2012). Many are initially their 
own care providers. Over time, their need 
for care due to their general health and level 
of dementia increases.
 With each step of the model, 
representing a year, the older adult’s general 
and mental health conditions are changed 
probabilistically to match the changes in 
the population statistics reported by the 
Federal Interagency Forum on Aging-
Related Statistics (2012). Figure 1 shows 
the likelihood of surviving into the next age 
band. Obviously, our health does not decline 
linearly, and how our general and mental 
health decline is a subject of much research. 
The plot is based on the data for 100,000 live 
births and is for the total population. Data is 
also available broken down by sex and race. 
We use the data for the total population.
 The decline in general health and 
mortality is represented in our model using 
the shape of the curve in Figure 1 rather than 
a linear assumption. To model the decline 
in mental health for our agents, that is, the 
probability of transition from one stage to 
the next, we use data provided by the Centers 
for Disease Control and Prevention (CDC) 
on exhibiting signs of Alzheimer’s disease as 
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the model for the general level of dementia. 
Older agents needing care are paired with a 
caregiver agent. The status of an older adult 
needing care provides input to the decision 
making concerning the source of the needed 
care.

Agents Representing Caregivers

 Caregivers are also represented as 
agents in the system because the focus of this 
model is the stress on caregivers. Caregiver 
agents have characteristics describing 
their capabilities and motivation. Their 
motivation is keyed to their relationship to 
the older adult, level of difficulty associated 
with caregiving, and their own needs.
 Caregivers are modeled as having 
a current level of caregiving capacity and a 
current caregiving load, which is increased 
by additional stressors (such as an increase 
in the needs of their frail older adult) by 
assistance using a systems dynamics model. 
At each step, an evaluation of the caregiver’s 
previous stress level increases due to changes 
in the status of the associated care receiver, 
other stressors, and may be reduced by 
support systems.
 We modeled a change in needed 
care as an additional stressor for one step (a 
modeled year). If the level of stress becomes 
too high (i.e., above the caregiver’s capacity), 
a decision is made to change the arrangement 
for the assistance the associated older adult 
needs. Changes in caregiving arrangements 
can include various coping mechanisms 
for the caregiver, including changing who 
provides the needed care.

A Summary of Modeling Presumptions

 Every tool used to evaluate policy 
options presumes its appropriateness to the 
task. A hammer is appropriate for driving 
nails and, although it can drive screws, there 

is a better tool for that purpose. We begin 
with the presumption of appropriateness of 
our tool and then explicitly describe the key 
modeling bases:

1. Our model’s level of analysis, 100 older 
adults and their caregivers with a time 
step of a year is appropriate to explore 
the impact of adult daycare on caregiver 
stress.

2. The health of older adults can be 
reasonably represented by the number of 
activities of daily life (ADLs) they cannot 
perform and four levels of dementia.

3. The decline in the physical health of 
older adults is similar to data on the 
survivability of Americans by age.

4. The stress felt by a caregiver is directly 
related to the number of ADLs their 
older adult cannot perform plus their 
level of dementia and is proportional to 
the average number of hours per week 
the caregiver is caring for the older adult.

5. A simulation exploring different 
caregiving conditions using an ABM can 
provide insights into the policy options 
for addressing caregiver stress.

There are, of course, additional presumptions 
or approximations used in the model and 
they are discussed in the ODD+D.

Model Operation

 The model begins with an 
initialization of the starting population of 
older adults and caregivers. Then, for each 
step, every agent becomes a year older and 
several other changes could occur. The 
physical and mental health of each older adult 
may degrade. The stress of each caregiving 
agent is re-evaluated and arrangements for 
the associated older adult could change. 
Each agent may also die. New older adults 
and caregivers are added to the simulation 
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to bring the number of older adults to 100. 
Each caregiver agent may become older 
adult in need of care for themselves. Finally, 
data is collected on all agents. These actions 
repeat with each new step throughout the 
duration of the experiment.

Experiment and Results

The experiment demonstrates that 
in our model, providing services 
and support for the caregiver can 

reduce the stress of caregivers, potentially 
helping them to continue to care for their 
family members at home for a longer period 
of time. To model the effects of this, we 
presumed that the relief would reduce the 
stress proportional to the amount of the time 
relief relative to the total time. Taking care 
of the older adult for M hours a day, every 
day causes the stress. We use less than 24 
hours per day (18 hours per day) to account 
for time the older adult is asleep and the 
time the caregiver is asleep. The adult day 
care hours would then also be included in 
hours of relief for the caregiver. Although 
the caregiver may still be responsible for 
the older adult, we are looking for effective 
hours of relief for the care provider. Using 
N for the effective adult day care hours per 
week, we modeled our expectation that the 
stress would be reduced by the fraction 
(7 * 18−N) / (7 * 18). We ran our model with 
and without relief for the care providers. 
Relief was provided at different levels—8, 
16, 40, 70, 84, and 98 hours per week. Again, 
our model’s step represents a whole year to 
smooth out the week-to-week variations in 
caregiver stress.
 Experimentation with the model 
allowed us to examine whether the number 
of hours of relief per week had an effect 
on caregiver stress. Table 1 presents the 
results of this experiment and shows the 
difference between the stress levels with 

and without the relief. Each run was for 100 
simulated years without any adult day-care 
(establishing the baseline) followed by 100 
years with the specified weekly hours of 
adult daycare. The baseline caregiver stress 
was established when zero hours of relief 
were provided. An increase of eight hours 
per week did not reduce the caregiver stress 
a statistically significant amount in 30 runs 
of the model. Increasing relief to 16 hours 
per week, however, showed statistically 
significant differences in the average level of 
caregiver stress compared with the baseline 
caregiver stress in 30 runs of the model, with 
continued statistically significant reductions 
for higher levels of relief. What is important 
about the statistical tests is that there is a 
real reduction in the caregiver stress for 
some level of relief. The specific number of 
hours where this first occurs is a result of the 
modeling assumptions and should not be 
taken as justification for a specific number 
of hours of relief per week sufficient for 
caregivers to continue providing care in the 
long term.

Discussion and Implications

Adult day centers provide a cost-
effective specialized health and social 
support services for the individual 

with dementia and a form of respite for 
the caregiver. Typically, costs for adult day 
centers average $72 per day, $26,280 per year. 
Compared with the cost of a non-medical 
home health aide ($168 for an eight-hour 
day, $61,320 per year), $43,756 per year cost 
of assisted living, or $83,230 to $92,977 per 
year for nursing home care (Alzheimer’s 
Association, 2014), adult day centers are a 
feasible alternative for enhancing the quality 
of life for both care recipients and caregivers.
 Beyond the cost savings for the long-
term care system and the family, studies 
have shown that the use of adult day centers 



39

have beneficial effects for individuals 
with dementia and their caregivers on 
the days the individual attended the adult 
day center. These benefits include fewer 
behavior problems, better sleep, and 
decreased caregiver stress, lower cortisol 
levels (indicating stress), and less depression 
(Gaugler et al., 2003; Klein et al., 2014; Zarit 
et al., 2011; Zarit, Kim, Femia, Almeida, & 
Klein, 2014; Zarit, Stephens, Townsend, 
Greene, & Femia, 2003).
 To address this problem, we 
recommend using agent-based modeling. 
The process of building a computational 
model requires quantifying the issues 
involved and combining theory, engineering 
approximations, and expert or at least the 
modeler’s opinions on how the world works 
and these should always be considered. 
The key presumptions of our model are 
presented above.
 As demonstrated, agent-based 
modeling provides social service researchers 
and evaluators with a powerful tool 
for exploring and testing the impact of 
policy changes and assumptions as social 
service researchers use this modeling 
more frequently. There are strengths and 
limitations of this methodology that need to 
be borne in mind.
 The reliability of these results 
requires much more than just analysis of 
the statistical significance of the results. 
The multiple runs conducted to support 
the significance testing only address the 
sensitivity of the results to the random 
numbers involved. In addition, we have 
conducted sensitivity analysis of three 
model design presumptions. We tested the 
presumption that a population of 100 older 
adults appropriate by trying populations of 
50 and 200. We varied the number of hours 
per day a caregiver was subject to stress. 
The default was 18 and we tested down to 
six and up to 24 hours per day. Finally, we 

tested the presumption relative weighting of 
ADLs and levels of dementia in contributing 
to the stress of the caregiver. The default 
presumption was that they both contributed 
equally to the level of stress of caregivers. We 
tested evaluations where ADLs were twice 
as important as the levels of dementia and 
vice versa. The results were not surprising 
except one. For a population of only 50 
older adults, that was so few agents that one 
of the levels of adult day care relief (40 hours 
per week) was statistically different at the 
5% level with 30 runs. We believe this was 
just a random event but in the process of 
doing the sensitivity analysis we did identify 
areas of the model that need research to 
improve the credibility of our model. And, 
of course, many more tests of the reliability 
of the model are possible and appropriate 
when simulation is used for regulatory and 
legislative purposes (Hammond, 2015). 
However, for the purpose of presenting 
agent-based modeling as an approach to 
exploring policy options, we assert we 
have demonstrated the usefulness of this 
methodology.
 Agent-based modeling allows us 
to explore and test policy options that 
are inconvenient, illegal, and immoral 
to perform with live human subjects. 
However, by representing humans in code, 
there are assumptions, approximations, 
and abstractions that have to be made 
and justified concerning the agents, their 
environment, and their interactions for the 
results to be creditable. The wise saying is 
that “All models are wrong; some are useful” 
(Epstein, 2008), because a simulation is not 
the actual phenomenon being studied.
 Given the complicated nature of 
dementia caregiving, our future work will 
expand this model to incorporate other 
aspects of the care-giving decision-making 
process. We hope to include other family 
members in our model, and will begin to 

Policy and Complex Systems



40

Computational Modeling of Caregiver Stress

ascertain the different combinations of relief 
(in the form of services and support) that 
may contribute to a decrease in the family 
caregiver’s stress level.
 A study of specialized dementia adult 
day services shows moderately successful 
results (Logsdon, Pike, Korte, & Goehring, 
2014) and provides some evidence for 
further testing of the effectiveness of such 
programs to address the needs of a growing 
population of individuals and families 
affected by Alzheimer’s disease and other 
dementias. As public policymakers and 
service providers continue to tackle the 
social complex issue of dementia caregiving, 
specialized adult day services may be a 
feasible alternative that is currently out of 
reach for many families and would be a 
significant and appropriate public service.
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Computational Modeling of Caregiver Stress

	

Relief 

(hours/week) 

Average Caregiver 

Stress level 

0 1.508 

(baseline) 

8 1.478 

16 1.452** 

40 1.404** 

70 1.268** 

84 1.164** 

98 0.988** 

 

Figure 1. Surviving Americans by Age for 100,000 Live Births

Table 1. Model Runs and Statistical Significance

** indicates statistical significance in change from baseline (p<0.01)



45

Policy and Complex Systems - Volume 2 Number 1 - Spring 2015

This paper proposes to apply complex 
adaptive systems (CAS) methodology 
to the historic period, specifically in 

a case study to explain the Mfecane and 
its relationship to the development and 
operation of the Zulu nation under Shaka. 
The rise of the Zulu nation under Shaka is 
an example of a category of revolution and 
rebellion by a great leader of previously 
obscure group. Such a revolt involves the 
leader (1) rising from personal obscurity 
and powerlessness to control his group; 
and then (2) expanding the power and 
control of his group to dominate his 
region. Shaka Zulu is one of a number of 
successful leaders of previously obscure 
groups to a widespread domination; others 
include Brian Boru and Temujin/Genghis 
Khan (Ryan, 1967). Unsuccessful leaders 
of previously obscure groups include False 
Dmitrii I; Pancho Villa; Pugachev the 
Pretender; and Stenka Razin (Dunning, 
2003; Longworth, 1973, 1975; Reid, 1981). 
The appearance of such a leader of such a 
group, to say nothing of a rise to dominance 
by that group, would satisfy John Holland’s 

definition of emergence “much coming from 
little” which he characterizes as a hallmark 
of CAS (Holland, 1998, p. 1). Holland 
(1998) goes on to note that emergence is 
a non-linear result of “coupled, context-
dependent interactions” leading to the 
standard test for emergence: “The behavior 
of the overall system cannot be obtained by 
summing the behaviors of its constituent 
parts” (p. 122). Throughout history, there 
have been many disenfranchised and 
marginalized groups. There have been many 
alienated outcasts. There have even been 
individuals representing the intersection of 
those two sets. It is rare, however, that an 
outcast mobilizes a marginalized group to 
contend for power and still rarer that the 
combination results in primacy.
 The paper proposes to use a complex 
adaptive systems (CAS) modeling technique 
to illustrate and analyze the process of, the 
nature of, and even the existence of the 
Mfecane—a cascade of war and migration 
in Southern Africa in the first quarter of 
the nineteenth century. Specifically, the 
paper proposes to use a form of system 

This paper applies Complex Adaptive Systems methodology to the historic 
period, specifically in a case study to explain the mfecane and its relationship to 
the development and operation of the Zulu nation under Shaka, an example of 
a revolution and rebellion by a great leader of previously obscure group. Such a 
revolt involves the leader 1) rising from personal obscurity and powerlessness to 
control his group; and then 2) expanding the power and control of his group to 
dominate his region.

Keywords: Zulu, mfecane, Africa, increase, population
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dynamics modeling, i.e., Kosko’s fuzzy 
cognitive map (FCM) as expressed in Kiel 
and Elliot’s spreadsheet modeling method, 
to test commonly adduced theories of 
whether, how, why, and in what sequence 
the contributing elements of the Mfecane 
coalesced (Kiel & Elliot 1997a, 1997b). 
Such theories could be modeled and 
falsifiable predictions tested by running 
the model to see the result (Wilensky & 
Rand, 2015). System dynamics is a form 
of model employed when considering 
elements, which do not have clearly 
measurable quantities (Borshchev, 2013). 
Kosko’s fuzzy cognitive maps, a subset of 
system dynamics, is a modeling technique 
that can represent accommodation of 
coarse-grained (uncertain) CAS schemata 
to the real world (Kosko, 1993; McNeill & 
Freiberger, 1993). Fuzzy cognitive maps 
connect nodes of concepts (either entities or 
functions) with fuzzy rules represented by 
arrows, their interactions, and adjustments 
reflected in successive iterations (Kosko, 
1993). In contrast to the combination of 
many individual decisions represented by 
agent-based modeling, system dynamics 
charts thus capture the relations of large 
elements in a process. Douglas and Elliot 
(1997) illustrated the actual execution 
of the process by a spreadsheet method 
that they developed to explore non-linear 
systems. Their “logistic map” illustrated 
chaotic functions, but can be adapted to 
show the operations of CAS. The technique 
calls for entering the initial conditions and 
operations in the first row of cells. Then it 
calls for applying a cumulative formula in 
the second row and copying the operative 
formula through enough rows to provide 
as many iterations as time periods under 
consideration, allowing operations to be 
tracked as they work themselves out in the 
computer model (Axelrod, 1997; Douglas 
& Elliot, 1997). The system dynamics 

method permits actors and their qualities 
to interact in an imprecise fashion, with 
general tendencies indicated by linguistic 
expressions describing qualities rather than 
precise values calculated (Yen & Langari, 
1999).
 The models represent Zulu society 
and its environment and the Nguni populace 
generally. Various nodes to test the proposed 
models for the Mfecane possess initial 
values of 100 sets in all variables. Individual 
components of a model are modifiable. 
The model can be run a number of times 
with the modification to see what results to 
test the validity of proposed explanations 
of Zulu and Nguni development against 
the archeological and historical record. 
If a given explanation is correct, its 
corresponding model should yield the same 
results as the actual record. This concept of 
theory assessment was initially employed 
in the context of agent-based modeling to 
analyze settlement patterns of the Anasazi 
in the prehistoric American Southwest, 
allowing researchers to “rewind and replay 
the tape of history” to assess causational 
theories (Dean et al., 2000, p. 205).
 The large number of proposed 
theories of the cause (or even existence) of the 
Mfecane presents an excellent opportunity 
to test the theories by CAS modeling 
(Axelrod, 1997; Chorafas, 1994; Eldredge, 
2001. The historic record of the Mfecane 
is limited to oral traditions recorded some 
years after the actual events. The physical 
record, although it contains some gaps, has 
considerable details as to climate, location, 
and production of peoples. Levels and 
subjects of trade are discernable by the size 
and activities of the European populations at 
the trading colonies, primarily Delagoa Bay 
and Natal. Thus, more or less quantifiable 
data is extractable from the material record 
and used to assess the proposed causes of 
the Mfecane.
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 Evaluation of the different theories 
of the Mfecane is an excellent candidate for 
use of the Spreadsheet-FCM method. The 
underlying information is imprecise in some 
cases, subject to differing interpretations 
in others. A fuzzy model can capture the 
imprecise nature of that information. CAS 
theory is usable to analyze the sequence of 
changes and adaptations of the Zulu, other 
Nguni, and surrounding tribes made in 
response to natural forces and each other. The 
different explanations are testable by altering 
the FCM nodes representing each theory’s 
causal factor, whether by augmentation or 
elimination, while holding the discounted 
causes steady. The effect of a given theory’s 
premises is perceivable by allowing the 
process to play out through iteration. That 
is, each candidate explanation can have a 
representative model constructed and then 
validated through operation of the model. 
Repeated runs can then verify the degree of 
validity of each model and hence each theory 
(Janssen, 2009).
 The conventional view of the Mfecane 
“…derives from George McCall Theal’s 
History of Southern Africa from 1795 to 1872” 
and was fixed in place by A. T. Bryant’s Olden 
Times in Zululand and Natal (Janssen, 2009). 
Under the standard explanation, the short-
lived Zulu Empire was the creation of one 
man: Shaka (Bryant, 1929; Carlean, 1992; 
Gump, 1991). According to Morris (1965), 
the Zulus rose from being a clan “pitifully 
small and totally lacking in organization” (p. 
49), with a total population at the beginning 
of their rise of perhaps 2000 (Danziger, 1983, 
p. 80). At the height of their power, they 
were responsible for the Mfecane. According 
to How (1955), the word is translatable 
as “forced wandering” or “crushing” but 
it carries the same emotional weight as 
“holocaust” or “trail of tears” (p. 66) in other 
contexts—the bare translation is insufficient 
to convey any but a fraction of the meaning 

(Gump, 1988, p. 1).
 Researchers have proposed numerous 
explanations for the cause or causes of the 
Mfecane. At times the innovations and 
influence of great leaders has been held to be 
determinative (Shaka and/or Dingiswayo). A 
particular focus of the “great man” explanation 
has been the innovations or adaptations 
in warfare of Shaka: new weaponry in the 
stabbing assegai, new battlefield tactics in the 
bull’s head–horn–loins formation, extended 
military service for young men allowing a 
heightened level of training for his soldiers 
and a strategy of “join or die” for conquered 
foes. Others have suggested the pressures 
resulting from the meteorological factors 
(catastrophic drought or drought cycles). 
Still others have suggested environmental 
degradation (deterioration of pasture from 
overgrazing or soil exhaustion from maize 
cultivation). Overpopulation pressure has 
had its proponents (either directly causing 
the Nguni migrations or forcing the Tswana 
to invade Nguni territory, calling for a 
militarized society to respond in defense). 
Trade with Europeans has been proposed: 
either the ivory trade with the Portuguese at 
Delagoa calling for larger, better organized 
and armed hunting parties to more efficiently 
produce ivory; trade in meat to ships calling 
for resupply requiring increased cattle 
production in turn calling for conquest of 
wider grazing lands and cattle raids; attempts 
to maintain a monopoly on trade routes with 
Europeans calling for conflict to defend or 
acquire access; or a healthy slave trade with 
Delagoa Bay requiring raids on surrounding 
tribes to supply the demand of European 
customers. Some historians have denied of 
the existence of the Mfecane, alleging that 
there was no catastrophic chain of conquest 
and migration, rather that Europeans 
invented the entire concept to provide a 
justification for European seizure of land and 
exploitation of African labor.
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 Shaka’s conquering Zulu impis set in 
motion a domino effect as peoples dislodged 
by the Zulu in turn fell upon their neighbors 
to drive before them in headlong flight a 
cascade of refugees (Bryant, 1929; How, 
1995). The Zulus and their competitors 
initially used long throwing spears with 
relatively light heads called assegais. The 
weapon was relatively ineffective as it was 
hurled at an enemy some distance away and 
could not be relied on to strike its target 
(Bryant, 1929; Webb & Wright, 1976, 1979). 
Even if the assegai did hit an enemy, a shield 
could turn it aside and the light blade did 
not always inflict a serious wound (Reader, 
1966). Shaka designed a weapon intended 
for close-in engagement of the enemy with 
a stabbing assegai (Gluckman, 1960). The 
design of the stabbing assegai allowed it to 
thrust underhand, with a heavy broad blade 
and a thick-shortened haft (Stevenson, 
1968). Shaka also significantly altered 
the use of the defensive shield, using it to 
entangle an enemy, throw him off balance, 
and expose him to a fatal thrust (Gluckman, 
1960).
 The new weaponry shifted the focus 
of battle from staying back to bombard the 
enemy with throwing assegais to closing 
with the enemy, engaging in close combat 
and stabbing with the radically new type 
of assegai (Stevenson, 1968; Webb & 
Wright, 1976). This shift in the schema of 
how to conduct a battle gave rise to the 
development of new forms of battlefield 
maneuver (Webb & Wright, 1979). Shaka 
first developed new tactics of maneuver 
while commanding a regiment of warriors 
of Dingiswayo’s Mthethwa tribe, “…seeking 
to pin an opposing clan down with the 
central group while the two flanking parties 
raced out to surround it” (Morris, 1965, p. 
48).
 Along with new weapons and 
tactics, Shaka brought new strategy. 

Previously warring tribes had permitted 
losers to sue for peace and continue with 
business as usual after territorial or other 
concessions, meaning that previously 
vanquished foes arose again and again, 
which made no sense to Shaka (Gluckman, 
1960). Shaka also intensified the pattern 
of warfare, exterminating all adult males, 
and capturing women, children, and cattle 
(Stevenson, 1968, pp. 33-34).
 The strategy of “join the Zulu 
victors or die” was inconceivable to the 
Southern Bantu tribes. “Thus, instead of 
living to fight another day as previously, 
a vanquished enemy had no choice but 
to accept incorporation with the victors. 
According to the Bantu code of arms this 
was unethical, but it was also devastating” 
(Bryant, 1964, p. 48).
 As indicated above, researchers have 
proposed a number of alternative theories 
on the nature and origins of the Mfecane 
over the years. Gump (1988) criticizes the 
conventional explanation on two grounds. 
First, it looks at only an isolated segment of 
an on-going process, ignoring both causal 
processes and post-Mfecane developments. 
Secondly, by concentrating on only 
the military aspects, the conventional 
explanation ignores other significant parts 
of Zulu society (Gump, 1988).
 The population pressure explanation 
suggested by Max Gluckman simply takes 
the increase in population as given without 
any deep inquiry into any cause thereof. 
According to Gluckman (1960), Nguni 
societies expanded by splitting as sons 
would leave their fathers’ homesteads to set 
up their own establishments. The increased 
population coupled with expanding need for 
territory led to competition for land (Perry, 
1999). This extensive approach to land use 
meant the Nguni soon ran out of space, 
creating an urgent need for the reinvention 
of the Nguni polity (Gump, 1988). Omer-

A Complex Adaptive Systems Analysis of Shaka Zulu and the Mfecane
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Cooper (1993) refined Gluckman’s concept 
to suggest that the new form of polity was 
larger and broader based than the previous 
clan-kraal structure and was essentially 
military in organization (Bryant, 1929; 
Webb & Wright, 1979; Wright, 1989).
 Wilson (1977), in contrast, sees 
the formation of the larger Nguni states as 
part of a pattern of contest for the lucrative 
long-range trade routes connecting the 
European settlements and their African 
markets. As the elite dominated commerce, 
they accumulated wealth at the expense 
of the rest of society. The elite used their 
new fortunes to protect their possessions 
and status, rewarding their friends and 
punishing their enemies (Perry, 1999; Webb 
& Wright, 1976).
 Smith (1986) concentrates on 
attempts to monopolize the ivory trade 
as necessitating heightened military 
organization and conflict: Smith viewed 
the contest for control of the ivory trade 
with Delagoa Bay as the source of conflict 
in Southern Africa (Bryant, 1929; Gump, 
1988). The luxury item was a major export 
out of Delagoa Bay with a high profit 
margin, thus a prized market for securing a 
monopoly (Perry, 1999).
 Henry Slater theorizes that it was 
not so much control over trade routes 
that called for militarization as the need 
to increase and centralize control of ivory 
production if the chieftain was to realize 
the benefits of the ivory trade. The practical 
needs of ivory hunting required heightened 
elite control over increasingly larger 
numbers of the average citizens. The Zulu 
kingdom maintained a conscription system 
whereby all males of about 18 years old were 
grouped into regiments (Zulu: amabutho, 
singular ibutho) (Scogings & Hawick, 
2012). Each regiment thus consisted of men 
of about the same age and was available for 
use as the king saw fit (Scogings & Hawick, 

2012). While men were not permanently 
on military service, the system ensured the 
deployable nature of the amabutho. The 
disbanding of the regiments occurred when 
the men in them reached an age of about 
35–40. Weapons included javelins, the 
short stabbing spear (iklwa), the knobkerrie 
(short-knobbed club) (iwisa), and cowhide 
shield. Firearms were available but were 
not standard issues because the men lacked 
training in their use. Most firearms were 
elderly and unreliable muskets with scant 
supplies of powder and shot. The standard 
Zulu military maneuver was known as the 
“horns of the ox” in which the “chest” (or 
center) consisting of veteran amabutho 
advanced slowly while the “horns” (or 
wings) of younger amabutho moved rapidly 
to outflank the enemy position.
 The amabutho were a means of 
creating and controlling larger work groups 
to perform tasks for the benefit of those in 
power, with war only one such function 
(Bryant, 1929; Wright, 1977). Slater argues 
that the creation of amabutho made them 
applicable to a variety of purposes, with war 
being only one of a number. The stratification 
and discipline of the amabutho benefitted 
other aspects of Nguni society and culture 
(Perry, 1999).
 Guy (1985) views the environmental/
ecological issues as caused by a struggle for 
reliable good pasture. The Nguni society was 
composed of widely separated homesteads 
to permit farming and herding (Gluckman, 
1960). The pastoralists moved the cattle 
seasonally from one area to another for 
the best fodder (Penn, 1986). Increased 
population meant territorial expansion to 
accommodate the increase, forcing greater 
reliance on marginal grasslands.
 Over time, cattle and sheep 
would tend to eat the most palatable 
grasses, causing less useful species to 
take over, rendering the land less capable 
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of supporting livestock (Brandy, 1977). 
These marginal pastures deteriorated from 
overgrazing, necessitating conflict over the 
remaining limited year-round grasslands 
(Gump, 1988, 1989). Heightened urgency 
to expand and defend good pasture was 
the result of the rigid gender roles in 
production that defined a man’s place in 
economic society in terms of cattle. Cattle 
formed a primary basis for exchange in 
Zulu society, especially in terms of the bride 
price for wives and daughters (Wilson, 
1977). The Nguni practice of establishing 
scattered homesteads to allow increasing 
herds, coupled with the common method 
of clearing land by burning, created a need 
to move on to new pastures, as overgrazing 
and drought stripped the land of its most 
useful products (Eldredge, 2001; Guy, 
1985; Wilson, 1977). The combination of 
increased population requiring migration 
in search of wider territory for pasture 
may have manifested as a cause of tribal 
migration before the late eighteenth–early 
nineteenth century period (Perry, 1999).
 Eldredge has criticized Guy’s thesis 
because herding was a less efficient use of 
arable land. She suggests that shifting to 
agriculture as the primary means of food 
production would compensate for any 
potential shortfall in herding. She suggests 
that the Nguni could have responded to 
deteriorating pastures by planting and 
raising more crops to meet the increased 
demand coupled with decreased yield from 
herding (Eldredge, 2001). Eldredge fails to 
account for factors in the Nguni “cultural 
personality” rendering conversion of 
pasture to cropland less probable (Willis, 
1977). Such a clash of cultural values had 
already taken place in the area with the 
replacement of, rather than the juncture 
with, hunter-gatherers by those who 
practiced more efficient herding (Smith, 
1986).

 Hall (1981) takes the deterioration 
through overgrazing concept and combines 
it with the population pressure theory and a 
severe drought to yield a strong combined 
impetus to seize and protect land reliable 
for food production, culminating in the 
devastating Madlathule famine, “…when 
we were obliged to eat grass” (Carlean, 
1992; Gump, 1988; Webb & Wright, 1976).
 Eldredge (1987) argues that, 
although the European slave trade had some 
impact on the succession of conflicts and 
migrations, a conjunction of demographic 
population pressure combined with 
environmental stress, especially that 
imposed by drought, caused the upheavals 
(Wright, 2001b). Nicholson noted that 
above average rainfall in Zululand during 
the period 1775–1779, followed by reports 
of drought during the period 1790–1796, 
likely resulted in severe population stress 
(Nicholson, 1976). Similarly, she notes the 
existence of drought in 1804 in Griqualand 
and the Northeast Cape Colony and 
drought ended by “major flooding” in 1821 
(Nicholson, 1976). This drought naturally 
lessened food production bringing on 
competition for resources. Eldredge (2001) 
cites Amartya Sen for the proposition that 
the scarcity was largely a phenomenon of 
the lower classes, as the allocation of scarce 
foodstuffs would have discriminated against 
the lower segments of society.
 Shula Marks sees a different cause 
for ecological deterioration interacting 
with increased population pressure. Marks 
argues that cultivation of maize resulted 
in a sharp increase in population as a 
consequence of the much more efficient 
production of foodstuffs compared with the 
traditional crops—two yields of maize per 
year in contrast to one, leaving questions 
of yield per plant aside (Lea, 1977). The 
increased population, combined with the 
exhausted soil in the marginal farmlands 
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(because of heightened maize leaching 
of nutrients) and the need to contest for 
the shrinking rich bottomland soil, likely 
caused additional societal stresses (Gump, 
1988).
 Wright (1989) concentrates on the 
transformation of the amabutho, a new 
form of amabutho that gave the ruling 
class control of the lives of male citizens for 
15–20 years (Bryant, 1929; Gump, 1988). 
Each amabutho lived in, and was supplied 
by, its own homestead or set of homesteads, 
with the men laboring as producers 
between military campaigns (Guy, 1985). 
Amabutho occupied conquered territory 
by establishing their own homesteads to 
live and work among a defeated populace 
(Peires, 1981). A major consideration was 
the temptation to use amabutho capable of 
conquest once established (Gump, 1989).
 Cobbing (1988) suggests the conflict 
during the Mfecane period was simply a 
portion of an ongoing process arbitrarily 
selected for ideological purposes by white 
historians (and the conflict was the result of 
European pressure forcing the Nguni and 
their neighbors “between the jaws of a vise”) 
(Carlean, 1992, p. 10). The pressure was the 
result of slave raids from Delagoa Bay and 
the Cape colony (Wilson, 2001a). Cobbing 
(1988) sees the Zulu state as created to 
defend the people from the depredations 
of the slave trade. This purpose required 
that the Zulu nation increase its population 
rather than massacre and lay waste 
(Cobbing, 1992). Cobbing (1992) sees the 
Zulu military as conditioned by its primary 
defensive mission (although it was capable 
of offensive use).
 Elizabeth Eldredge grouped the 13 
possible explanations into four categories:

“There is no simple, monocausal 
explanation for these disruptions; 
neither great leaders, nor environment 

and ecology, nor overpopulation, 
nor trade (including the slave trade 
and raiding) alone set off the wars 
and migrations that plagued the area 
during these decades (Eldredge, 2001, 
p. 125).”

 Thus the “great man” theory 
would not only include Theal and Bryant’s 
attribution to Shaka, but also Slater’s and 
Wright’s concepts of the changes in the 
form of amabutho, ostensibly one of Shaka’s 
significant contributions. Overpopulation 
would encompass the ideas of Gluckman 
and Omer-Cooper. Trade would include 
the ideas of Wilson, Smith, Hedges, and 
Cobbing. Environmental factors would 
include Acocks, Guy, Hall, Eldredge, and 
Marks. In some cases there might seem 
to be an overlap in causal theory between 
categories, but the emphasis is placed on the 
most appropriate category. Thus, Hedges 
does consider changes in amabutho, but 
is primarily concerned with the effects of 
trade and is located accordingly. Similarly, 
Marks does consider overpopulation, but in 
the context of exhausted soil.
 Each of these factors is representable 
(by a node of activity in a Spreadsheet-
FCM). Arrows will represent the relations 
between each node graphically—e.g., 
increased maize production acts to increase 
population. The arrows represent fuzzy if–
then rules in operation between concepts 
(“If there is more food, then there is more 
population”). The relationship between the 
four nodes of activity are as follows: (1) as 
the Great Man influence increases, so does 
the Zulu population; (2) as trade of any sort 
increases, so does Great Man influence; 
(3) as the Zulu population increases, 
the environmental quality and potential 
productivity decreases.
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 Simulation of external variations 
in nodes is doable by pausing iterations, 
introducing a changed value and continuing 
iterations. Variation 1: As trade increases, 
the environmental quality decreases (e.g., 

as elephants are hunted at an increasing 
rate, their availability diminishes; as cattle 
production increases, overgrazing occurs 
and the pasture declines from sweetveld to 
sourveld).

Figure 1 -- Basic Shaka FCM

Figure 2 -- Shaka Variation 1
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Variation 2: Increase in productivity of 
environment yields an increased Zulu 
population (e.g., increased rainfall increases 
population as cropland produces more; shift 
to cultivation of maize with two crops per 
year increases overall annual yield from 

fields). Similarly, it is possible to introduce 
and follow successive external variations 
(e.g., it is possible to introduce drought 
following heightened rainfall to observe the 
effect on the increased population resulting 
from higher water levels).
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Figure 3 -- Shaka Variation 2

 Estimates for the population node 
must take into account the increase and rate 
of increase during the pre-Shaka period. 
Perry (1999) reached figures of 2,600 from 
averaging population density studies and 
5,166 from averaging estimates from ethno 
historical sources, primarily contemporary 
and near-contemporary documents. 
Although difficult to quantify precisely 
because of the absence of written records, 
signs of frequent fission of chiefdoms in 
the traditional expansion process, as well as 
anecdotal evidence indicate a rapid increase 
in population (Omer-Cooper, 1977). Perry 
arrives at a post-Mfecane population of 
Zululand of 252,665 from ethnographic 
sources and 907,460 from population 
studies (Perry, 1999). Bryant (1929) arrives 
at a much lower figure of 96,000. Bryant 
(1929) estimates a natural rate of population 
increase for Southern Africa at a figure 
doubling every 45 years. For our purposes, 
let us begin by averaging Perry’s two figures, 
which would yield an initial Zulu population 
of approximately 3,900. Whatever the source 
of the increase, the larger Zulu population 
alone would account for heightened 
competition for resources (Gump, 1991).
 Some of the increase was the result of 

natural growth in population, some the result 
of Shaka’s “join or die” strategy of assimilation 
for defeated people (Omer-Cooper, 1977). 
The contributions attributed to Shaka, 
primarily the amabutho and adoption of 
new tactics and weaponry, affected the 
assimilationist strategy. The success of the 
new military concepts is perceivable in the 
effectiveness of the strategy of assimilation 
of the vanquished. Clearly, the numbers of 
defeated foes incorporated into the Zulu 
state indicate the effectiveness of the Zulu 
military. 
 Taking an annual rate of natural 
population growth of 2.5% (slightly larger 
than predicted by Bryant) and applying it 
to the average of Perry’s initial population 
(3,900) would result in the Zulu population 
reaching roughly 4,900 in 10 years. Taking 
Bryant’s conservative estimate of 96,000 
Zulu subjects in 1826 would mean that 
Shaka’s strategy added more or less 90,000. 
This would mean an average annual increase 
of 2.18 times the original Zulu population 
resulting from the military changes adopted.
 Environmental factors are 
another node of activity. Environmental 
considerations are both human caused 
(principally deterioration of soil and flora) 
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and externally caused (drought) (Maggs 
& Whitelaw, 1991). Deterioration of soil 
through exhaustion resulted from excessive 
planting without allowing fallow periods 
to permit natural regeneration by existing 
natural plant life and without application 
of lime and fertilizers to restore fertility 
(Hall, 1981; Lea, 1977). The removal of 
restorative natural vegetation through slash 
and burn clearing exacerbated the problem 
(Guy, 1985). The shift to cultivating maize 
accelerated the effects of soil exhaustion, 
which takes nutrients from the soil at a 
higher rate than native plants because maize 
needs more to grow (Lea, 1977). Maize thus 
would quickly create a feedback effect of soil 
deterioration that in turn would decrease 
agricultural production (Hall, 1981; Lea, 
1977). Further, clearing land by use of fire 
would remove the ground cover necessary 
to protect the soil from rainfall and runoff 
and lead to substantial erosion of fertile 
topsoil (Hall, 1981).
 Exhaustion of pasture would also 
result from overuse, in this case overgrazing 
(Lye & Murray, 1980). The more desirable 
and nutritious sweetveld was replaced by 
the hardier and more aggressive sourveld as 
herds increased (Guy, 1985). More sourveld 
grazing meant a need to expand pasture, 
whether in search of sweetveld or to secure 
the larger amount of sourveld necessary to 
satisfy the herd’s nutritional requirements 
(Guy, 1985). Herders also sped the decline of 
soil quality by clearing the (to them) useless 
forest and scrub forest by fire, removing the 
restorative native vegetation (Guy, 1985). 
Such clearing led to heightened soil erosion 
as well as deterioration with the removal 
of the protective ground cover (Guy, 1985; 
Hall, 1981).
 In addition to changes in the quality of 
the soil (“edaphic factors”) changes in climate 
affected environmental quality. Drought was 
a problem early in the nineteenth century 

(Cobbing, 1988). Drought was a part of 
the weather of Southern Africa, whether 
a short-term pattern of once every three 
years or a longer 20-year cycle (Eldredge, 
2001; Lye & Murray, 1980). Greater than 
normal rainfall preceded and heightened 
the effect of droughts in 1812, 1816–1818 
and 1821–1823 (Eldredge, 2001; Nicholson, 
1976; Peires, 1981). Increased rainfall 
would have accelerated soil deterioration 
by leaching more nutrients out of the soil, 
which would have lowered production of 
maize (Hall, 1981; Lea, 1977). The impact of 
lowered production would have fallen on a 
population increased during the preceding 
wetter period (Peires, 1981). An increased 
population making demands from a 
shrunken resource would have magnified 
pressures on the environment, as the 
productive capacity of resources available 
was unable to meet demand (Gluckman, 
1960).
 The effect of environmental 
pressures of all sorts is representable by 
decline in productivity in the environment 
node. For each year in which there was an 
increase in Zulu population, population 
increases and food production caused 
a moderate decrease in environmental 
quality, i.e., there was deterioration but not a 
catastrophic natural disaster. Using Sugeno 
and Yasukawa’s values assigned to linguistic 
hedges, a moderate deterioration would be 
equal to 0.08 of its predecessor (McNeill & 
Freiberger, 1993). We arbitrarily assign a 
value of 100 for the initial year in order to 
illustrate the process.
 The values of the interaction between 
the nodes of population, Great Man/
amabutho, and environment are calculable 
through a series of iterations using Kiel’s 
Spreadsheet Method. If the interaction of the 
three nodes results in shortage and conflict, 
it is arguable that sufficient conditions for 
the Mfecane existed.
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Great Man Population/Environment

 Results are testable against the 
period 1775–1815 in a System Dynamics 
chart for that period by duplicating the 
formula for natural population increase 
without including the Great Man/amabutho 
factor. Whoever originated the various Great 
Man innovations, the Zulu certainly did not 
adopt them prior to Shaka. Results of simple 
population growth show that there is a 
perceptible deterioration in the environment 
during the 10-year Shaka period, which 
could have instigated conflict for the more 
desirable river-fed bottomland, but was 
by no means certain to trigger widespread 
conflict. Deterioration during the 40 years 
preceding Shaka’s accession is less than 6%, 
indicating that natural population growth 
alone among the Zulu was not enough to set 
off the Mfecane.
 Drought is introducible in the 
appropriate rows by changing the cell formula 
for a drought year to reduce environmental 
productivity by one-half. This conservatively 
assumes that drought will make crops fail 
about as often as they grow in a drought 
year (McNeill & Freiberger, 1993). The 
introduction of drought into the process 
shows sharp declines in productivity—to 
less than 50% during the one-year drought 
of 1804 and less than 25% during the two 
years of 1820–1821. No Zulu military action

1775–1815—1600 Start 

1765 3,900 100 
1766 12,499.5 99.7436 
1767 21,314 99.3064 
1768 30,348.8 98.6839 
1769 39,609.6 97.8714 
1770 49,101.8 96.8641 
1771 58,831.3 95.6573 
1772 68,804.1 94.246 
1773 79,026.2 92.6249 
1774 89,503.9 90.7889 

 

 

1775 1,600 100 
1776 1,640 99.918 
1777 1,681 99.83395 
1778 1,723.025 99.7478 
1779 1,766.101 99.65949 
1780 1,810.253 99.56898 
1781 1,855.509 99.47621 
1782 1,901.897 99.38111 
1783 1,949.445 99.28364 
1784 1,998.181 99.18373 
1785 2,048.135 99.08132 
1786 2,099.339 98.97636 
1787 2,151.822 98.86876 
1788 2,205.618 98.75848 
1789 2,260.758 98.64545 
1790 2,317.277 98.52958 
1791 2,375.209 98.41082 
1792 2,434.589 98.28909 
1793 2,495.454 98.16432 
1794 2,557.84 98.03643 
1795 2,621.786 97.90534 
1796 2,687.331 97.77097 
1797 2,754.514 97.63325 
1798 2,823.377 97.49208 
1799 2,893.962 97.34738 
1800 2,966.311 97.19906 
1801 3,040.468 97.04704 
1802 3,116.48 96.89122 
1803 3,194.392 96.7315 
1804 3,274.252 96.56778 
1805 3,356.108 96.39998 
1806 3,440.011 96.22798 
1807 3,526.011 96.05168 
1808 3,614.161 95.87097 
1809 3,704.515 95.68574 
1810 3,797.128 95.49589 
1811 3,892.057 95.30128 
1812 3,989.358 95.10182 
1813 4,089.092 94.89736 
1814 4,191.319 94.6878 
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followed the sharp decline in 1804, thus 
the presence of a sizable military presence 
(achieved at the time of the second major 
drought) was a necessary condition for 
Shaka’s military successes.

Great Man–Drought

 The final node of activity is trade. 
Trade in luxury items had flourished in Africa 
as early as from the fifth century (Gluckman, 
1960). Trade with the Portuguese colony 
of Delagoa Bay involved exports of ivory 
in exchange for “beads, cloth, and brass 
bangles” (Omer-Cooper, 1977). European 
demand for ivory rose sharply in the last 
half of the eighteenth century (Manson, 
1995, p. 358). Control of the trade and 
increased hunting requirements to meet 
heightened European demand for ivory 
caused the rulers to expand their control 
over the young men who hunted elephant 
to increase and regularize ivory production 
(Omer-Cooper, 2001). Excessive hunting 
of the elephant herds led to a sharp decline 
in available ivory resources and the need to 
find another product to market if trade was 
to continue (Perry, 1999).
 Demand for cattle and meat had been 
strong since early in the eighteenth century 
(Penn, 1987). Hedges posited a transition 
to major reliance on cattle trade replacing 
the diminished ivory trade (Perry, 1999). 

1,600 Start–Drought

 

1794 3,900 100 
1795 12,499.5 99.7436 
1796 21,313.99 99.30639 
1797 30,348.84 98.68385 
1798 39,609.56 48.93567 
1799 49,101.8 23.96423 
1800 58,831.34 22.75743 
1801 68,804.13 21.34606 
1802 79,026.23 19.72501 
1803 89,503.88 17.88904 

 

1804 1,600 100 
1805 1,640 99.918 
1806 1,681 99.83395 
1807 1,723.025 99.7478 
1808 1,766.101 99.65949 
1809 1,810.253 99.56898 
1810 1,855.509 99.47621 
1811 1,901.897 99.38111 
1812 1,949.445 99.28364 
1813 1,998.181 99.18373 
1814 2,048.135 99.08132 
1815 2,099.339 98.97636 
1816 2,151.822 98.86876 
1817 2,205.618 98.75848 
1818 2,260.758 98.64545 
1819 2,317.277 98.52958 
1820 2,375.209 98.41082 
1821 2,434.589 98.28909 
1822 2,495.454 98.16432 
1823 2,557.84 98.03643 
1824 2,621.786 97.90534 
1825 2,687.331 97.77097 
1826 2,754.514 97.63325 
1827 2,823.377 97.49208 
1828 2,893.962 97.34738 
1829 2,966.311 97.19906 
1830 3,040.468 97.04704 
1831 3,116.48 48.44561 
1832 3,194.392 48.28589 
1833 3,274.252 48.12218 
1834 3,356.108 47.95437 
1835 3,440.011 47.78237 
1836 3,526.011 47.60607 
1837 3,614.161 47.42536 
1838 3,704.515 47.24014 
1839 3,797.128 47.05028 
1840 3,892.057 46.85568 
1841 3,989.358 46.65621 
1842 4,089.092 46.45175 
1843 4,191.319 46.24219 
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 In contrast to ivory, cattle were 
part of the basic fabric of Nguni society—
the basic plan of villages was the “Central 
Cattle Plan” to indicate the (literally) central 
place cattle occupied in society (Kinsman, 
1995). Control over livestock was used 
to control subordinates and dependence 
on cattle extended to all strata of society 
(Perry, 1999). Even without deterioration 
of the environment, increased demand for 
cattle would have required an increase in 
production, and expansion of production 
and pasture was accomplishable through 
seizing another’s land (Manson, 1995). 
Certainly, the oral traditions of the later 
eighteenth century indicate increasing 
conflict over cattle and pasture (Kinsman, 
1995).
 The basic premise of Cobbing’s attack 
on the traditional view of the Mfecane is 
that the slave trade was the primary engine 
driving the conflicts of the late eighteenth 
and early nineteenth centuries in Southern 
Africa (Wilson, 2001a). Demand for slaves 
exploded after 1815 in response to variety 
of European factors in the years after the 
Napoleonic Wars: increased population, 
new purchasing power, new markets, 
and a sharp increase in demand for sugar 
combined to call for increased numbers of 
sugar plantations in the New World manned 
by slaves (Cobbing, 1988, 1992). The slave 
trade, like its predecessor ivory trade, 
was extremely profitable, and at its height 
in the 1820s and 1830s as many as 2,000 
were exported a year from the area around 
Delagoa Bay (Harries, 1981). Contemporary 
observers estimated that five people were 
killed for every slave exported indicating 
annually losses of 10,000–12,000 in a region 
with a population of 100,000–180,000 during 
the height of the slave trade (Cobbing, 
1988). Oversupply brought the price down 
sharply “to virtually nothing” at ports of 
embarkation by 1824–1825 (Harries, 1981).

 The various trade arguments all 
attribute an increase in control of the elite 
(Great Man/amabutho factors) to trade 
of various sorts. Trade may be said to 
“somewhat” increase the power of the elite 
and can be illustrated by the addition of 2 
of the value (McNeill & Freiberger, 1993). 
A separate “Trade Kiel System Dynamics 
chart” illustrates the effects of trade.
 Although the values applied in the 
analysis of trade impact may be questioned 
(and Cobbing, Wright, and Harries certainly 
would, especially given Cobbing’s extreme 
estimates of the impact of slaving expeditions 
on the inland Nguni population), the overall 
trend of effects of the various kinds of trade 
can be seen in the charts “Great Man Trade” 
and “1600 Trade” when compared with 
“Great Man” and “1600 Start.”

Great Man Trade

 The application of the Trade portion 
of the equation has a negligible effect on 
environmental productivity in each case, a 
difference of environmental quality in the 
10th year of the Great Man chart of 90.78894 
without trade and 90.62967 with trade. 
Similarly, in the 1,600 start charts, without 
trade environmental quality in 1815 would 
be 94.6878 of what it was in 1775; the quality 
level of trade is 93.65127 after 40 years.

1775 3,900 100 
1776 13,279.5 99.7276 
1777 22,113.5 99.274 
1778 31,168.3 98.6346 
1779 40,449.5 97.8049 
1780 49,962.8 96.78 
1781 59,713.8 95.5551 
1782 69,708.7 94.1252 
1783 79,953.4 92.4851 
1784 90,454.2 90.6297 
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1,600 Start Trade Great Man–Trade–Drought

 Addition of the drought factor does 
not change the negligible impact of trade: 
“Great Man Drought” (allowing for two 
years of drought 1820–1821, as Nicholson 
indicates) shows an environmental quality 
of 17.88904 in the 10th year without trade 
factors (“Great Man–Drought” chart) and 
17.78843 with trade added to the mix (“Great 
Man–Drought–Trade” chart). Similarly, 
factoring in the drought for 1804 in the 
“1600 Drought” chart, a level of 46.24219 
is the result of the 40th year; adding trade 
in “1600-Drought–Trade” yields a value 
of 45.50896. Thus, absent major revisions 
in the value attributed to the impact of 
trade, the various possibilities of European 
economic activity do not create the level of 
change achieved by either the Great Man 
innovations or the much more substantial 
impact of drought.
 The eight charts created (four during 
the “Great Man” period 1816–1826, four 
during the earlier period 1775–1815, and 
prior to the “Great Man” period for the 
Zulu) represent all possible permutations of 
the four possible root causes of the Mfecane. 
Insofar as the Zulu are concerned, drought 
had the greatest impact on the available 
resources for production. However, it 
required the addition of the Great Man 
innovations to the drought of 1820–1821 
Mfecane period, however great or small those 

1785 1,600 100 
1786 1,960 99.902 
1787 2,009 99.8016 
1788 2,059.23 99.6986 
1789 2,110.71 99.5931 
1790 2,163.47 99.4849 
1791 2217.56 99.374 
1792 2273 99.2604 
1793 2,329.82 99.1439 
1794 2,388.07 99.0245 
1795 2,447.77 98.9021 
1796 2,508.97 98.7766 
1797 2,571.69 98.648 
1798 2,635.98 98.5162 
1799 2,701.88 98.3811 
1800 2,769.43 98.2427 
1801 2,838.66 98.1007 
1802 2,909.63 97.9553 
1803 2,982.37 97.8061 
1804 3,056.93 97.6533 
1805 3,133.35 97.4966 
1806 3,211.69 97.336 
1807 3,291.98 97.1714 
1808 3,374.28 97.0027 
1809 3,458.64 96.8298 
1810 3,545.1 96.6525 
1811 3,633.73 96.4709 
1812 3,724.57 96.2846 
1813 3,817.69 96.0937 
1814 3,913.13 95.8981 
1815 4,010.96 95.6975 
1816 4,111.23 95.492 
1817 4,214.01 95.2813 
1818 4,319.36 95.0653 
1819 4,427.35 94.8439 
1820 4,538.03 94.617 
1821 4,651.48 94.3845 
1822 4,767.77 94.1461 
1823 4,886.96 93.9017 
1824 5,009.14 93.6513 

 

1775 3,900 100 
1776 13,279.5 99.7276 
1777 22,113.5 99.274 
1778 31,168.3 98.6346 
1779 40,449.5 48.9025 
1780 49,962.8 23.9388 
1781 59,713.8 22.7139 
1782 69,708.7 21.284 
1783 79,953.4 19.6439 
1784 90,454.2 17.7884 
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1,600-Trade–Drought to yield the Zulu military successes of the 
successes might have been and whatever the 
objectives of the Zulu military endeavors 
might have been. There was no single factor 
that caused the Mfecane. Eldredge (2001) 
was correct in her assessment that “There 
is no simple, monocausal explanation 
for these disruptions… (p. 125).” Rather, 
the Mfecane was an emergent quality of 
interacting elements—particularly true if the 
environment is viewable as a contributing 
agent.
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Predator–Prey Dynamics and the Red Queen Hypothesis: 
Putting Limits on the Evolutionary Arms Race

Computer simulations of complex food webs are an important tool for deepening 
our understanding of these systems. Yet most computer models assume, rather than 
generate, key system-level patterns, or use mathematical modeling approaches that 
make it difficult to account for non-linearities. In this article, we present a computer 
simulation model that addresses these concerns by using agent-based modeling 
techniques, so that system-level patterns emerge from the interactions of thousands 
of individual simulated agents. In previous work, this model replicated fundamental 
properties of an ecosystem. This work extends the model in the context of the Red 
Queen hypothesis. We find that improvements in the competitive landscape for a 
single predator agent do not generally confer a benefit on the species as a whole, and 
may even be detrimental. Additional experiments that explicitly account for energy 
requirements and allow individual evolution illustrate how natural means limit arms 
races. This model can serve as a platform for evaluating policy options for developing 
sustainable systems, both in terms of long-term and short-term desired outcomes.

Keywords: predator-prey, agent-based modeling, Red Queen hypothesis, evolutionary 
dynamics, population dynamics, complex adaptive systems.

I - Introduction

The literature on marine and 
terrestrial ecosystems is extensive 
and diverse, encompassing both 

theoretical models and empirical surveys 
(Christensen et al., 2003; DeAngelis & 
Mooij, 2007; Frank, Petrie, Choi, & Leggett, 
2003; Grimm, 1999). Some significant 
differences between model results and 
real-world surveys have persisted for 
years, and it has been difficult identifying 
fundamental principles relative to the 
many complicating factors within existent 
ecosystems. For example, in the early 
1980s, Oksanen, Fretwell, Arruda, and 
Niemelä (1981) examined multiple trophic 
levels in a predator–prey system using 

mathematical models, in order to determine 
whether resources fundamentally control 
species population (biomass)—as was the 
conventional wisdom at the time—or by 
predation. 
 More recently, researchers have 
begun to ask, not which process (bottom-
up resources versus top-down predation) 
controls population overall, but rather how 
these two forces interact under different 
spatial and temporal scenarios (Reid, Battle, 
Batten, & Brander, 2000). Many scientists 
think that this new approach will help reveal 
how the combined effects of resource-
mediated and predator-mediated forces 
influence the resilience of food webs (Casini 
et al., 2008). This suggestion leads naturally to 
the view that ecosystems can be productively 
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studied as complex adaptive systems (CAS); 
that is, systems that are characterized by their 
emergent properties, self-organization, and 
non-linear dynamics (Allesina & Pascual, 
2007; Brose & Dunne, 2010; Gell-Mann, 
1994; Holland, 1992; Valdovinos, Ramos-
Jiliberto, Garay-Narváez, Urbani, & Dunne, 
2010). The field of CAS recognizes that these 
systems are generally robust and flexible, 
consisting of multiple negative feedbacks 
that produce one or more “basin(s) of 
attraction,” i.e., the emergence of resilient, 
system-level patterns. It is the identification 
of the key feedbacks and their contributions 
to system resilience that is the ultimate goal 
of ecological research. 
 Advances in computing technology 
have allowed for more robust in silico 
simulations that can model these complex 
ecosystem dynamics in ways previously 
intractable. In order to address certain 
limitations of purely mathematical models, 
which generally simplify individual 
variation and spatial representation, and 
represent global properties in a top-down 
manner, we have created a general CAS 
model of a marine ecosystem (DeAngelis 
& Mooij, 2007). Central to a more flexible, 
agent-based modeling (ABM) approach 
(sometimes called individual-based 
modeling or agent-based complex systems) 
is the generated outcome of the simulation in 
a bottom-up design process, rather than via 
top-down constraints (DeAngelis & Mooij, 
2007, p. 2). It is important to note that the 
phrase “bottom-up” design has a somewhat 
different meaning in the CAS literature 
than the similarly worded “bottom-up” 
forces referred to in marine and terrestrial 
ecosystem literature. A CAS-based ABM 
implies that the system-level patterns, such 
as population growth, aggregate predation 
rates, etc., are generated from the bottom 
up, rather than assumed as a “top-down” 
constraint on the modeled system (Grimm 

et al., 2005). That is, the system-level patterns 
are emergent properties that arise from the 
interactions of the autonomous agents that 
comprise the simulated system. Thus, the 
method of computer simulation relies on 
assumptions of agent attributes rather than 
agent outcomes. (The similar phrasing in 
the ecosystem literature is unfortunate; one 
might come across, for example, a discussion 
of the controlling forces in constraining 
a particular population: i.e., “bottom-up” 
forces of resource availability versus “top-
down” predation. This is a different context 
than “bottom-up” emergence in an ABM.)
 Here we present a general ABM 
marine ecosystem with a focus on key 
phenomena in population dynamics in 
the context of the Red Queen hypothesis, 
also referred to as the “arms race” between 
antagonistic species, for example, predators 
and prey. This model has been validated in 
previous work by replicating fundamental 
properties of an ecosystem, including: the 
predator–prey oscillations found in Lotka–
Volterra; the “stepped pattern” of biomass 
accrual from resource enrichment found 
in Oksanen et al. (1981); the Paradox of 
Enrichment; and Gause’s Law (Epstein, 
1999). In this work, we will extend our 
understanding of found in Oksanen et al. 
(1981), by considering how these patterns of 
biomass accrual change when the predator 
population becomes more (or less) efficient 
at catching prey. We will also consider 
these changing patterns in the context 
of the Red Queen hypothesis, as well as 
how evolutionary pressures align in ways 
that could prevent an escalating arms race 
between predators and prey.

II - Background and Previous Work

In the previous work we validated the 
results of Oksanen et al. (1981), by 
showing that our agent-based model 
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(ABM) exhibits the “stepped pattern of 
biomass accrual” found in simple predator–
prey dynamics (Carmichael & Hadzikadic, 
2013). Briefly, in a three-trophic-level 
system (food, prey, predators), increasing 
the food available to the prey will cause 
the predators to increase in population 
but, surprisingly, does not change the 
population size of the prey themselves. 
That is, even though the prey are able to eat 
more—and thus reproduce faster—with an 
increase in food, the predators immediately 
match this change by consuming the extra 
prey that are now above the equilibrium 
level. Add food at an even faster rate and 
the predator population will grow to an 
even higher population level, and continue 
to consume all the extra prey. Thus, when 
resources are increased to the prey, the prey 
population can eat faster, and reproduce 

faster, but they are also consumed faster, 
while the predators alone increase in 
population size. This non-intuitive result 
matches the predictions found in Oksanen 
et al. (1981). 
 Another consequence of this 
dynamic is that the predators do not 
increase their equilibrium consumption rate 
at the per capita level. Predator consumption 
rate does change when they are out-of-
equilibrium, but only until reaching the 
new population level; at that point the per 
capita consumption rate has returned to the 
predators’ equilibrium level of consumption. 
Figure 1 illustrates the increased population 
size for the predators based on an increased 
resource level for the prey, as well as the 
concurrent reduction in the prey’s average 
age.

Fig. 1. Population growth of predators (purple) based on increased resources to the prey 
population (left) and the concurrent change in the average age of the prey (right).  The 
simulation was run for 6000 time steps; resource rate was increased after 2000 steps (a) 
from 0.06 to 0.12, and again at step 4000 (b) from 0.12 to 0.18.  Adapted from (Epstein, 
1999).

2.1 - Model Description

 This generative ABM is purposefully 
kept as simple as possible, in order 
to determine baseline properties and 
consequences of the interacting populations 
with as few complicating factors as possible. 

In the ecological literature, it is noted that 
the outcomes of this model do not match 
completely with the real world. This includes 
Oksanen’s results, Gause’s Law, the Paradox 
of Enrichment, and even the Lotka–Volterra 
model of predator–prey dynamics. This 
incongruity is acceptable, even expected, as 
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the real-world attributes of various species 
are much more complicated and nuanced 
than their simulated counterparts in our 
ABM. However, it is difficult to tease out 
which of these additional attributes are 
important and which are inconsequential. A 
generative model allows us to add complexity 
one layer at a time and determine, from a 
simulation standpoint, which factors are 
most important, and can therefore give us 
a better understanding of which factors are 
also most important in nature.
 Therefore, the assumptions encoded 
in this model are relatively straightforward. 
The food is grown on each patch based on 
a “slider” in the user interface; as the slider 
is increased, the amount of food grown per 
patch, per simulation time-step, increases 
in a linear fashion. The prey agents perform 
three basic functions during each turn: they 
move at random, eat if there is food present, 
and increase their age. They also reproduce 
asexually as a linear function of how much 
food they have consumed. A slider could 
control the threshold for reproduction. 
However, this linear relationship cannot 
be altered in this simulation. The predators 
are the same: they move at random, eat if 
there is prey available, and increase their 
age during each turn. Note that both the 
prey and the predators have a slider labeled 
“turns per tick.” This allows for additional 
control and experimentation, in that the 
number of turns for each species during 
each simulation time step can be altered, 
which changes the number of actions 
performed during each “tick,” relative to 
the other populations. The consequences of 
changing this controller are discussed below. 
As with the prey, the predators reproduce 
asexually as a function of the total amount 
of food (in this case, prey) that is consumed. 
In some experiments, also a “top predator” 
consumes the predator in the same way 
that the predator consumes the prey. This 

changes the dynamics of all the populations 
in various ways; however, only the simple 
three-level model is discussed here. All 
models were created using the NetLogo 
modeling environment (Carmichael & 
Hadzikadic, 2013).

2.2 - The Red Queen Hypothesis

 The Red Queen hypothesis was first 
introduced in 1973 (Wilensky, 1999). It 
expresses the idea of an “arms race” between 
antagonistic species, such as predators and 
prey, in a common ecosystem. Given the 
intuitive benefits of increased efficiency for 
a member of one species, it seems likely that 
an advantage in the phenotype would ensure 
that the related genotype would more likely 
survive and spread on evolutionary time 
scales throughout the population. However 
if, for example, the predators become better 
hunters, then there is a subsequent pressure 
on the prey to also adapt in order to better 
survive. Once the prey adopts better survival 
techniques, then the predators adapt again, 
and the cycle continues.
 Given this theory, the question 
naturally arises: why do species not 
continually increase in efficiency? There 
must be some mechanism that reduces or 
even eliminates continued evolutionary 
advantage. The first and most intuitive 
answer is that there is a cost associated 
with efficiency increases and, at some point 
along a continuum; this cost is greater than 
the additional benefit. Related to this idea 
is the natural diversity in abilities across 
the prey species. In particular, individual 
prey that are very young, very old, sick, or 
injured might generally have less ability 
than those in their prime. If this is the case, 
then an individual predator need not work 
much harder to experience an increase 
in the number of vulnerable prey who is 
susceptible to predation.
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 More subtly, there could also be 
certain predation strategies that work 
against continued spread of highly effective 
genes in the population. For example, many 
predator species share the results of the 
hunt, which raises the possibility that the 
so-called “free rider” problem is a limiting 
factor, by conferring a benefit to a diversity 
of predator individuals rather than just the 
most effective hunters. This reduces the 
gains for effective evolutionary adaptations 
and therefore increases the cost-to-benefit 
ratio associated with such gains.
 In the present work, the model 
described in Section 2.1 is expanded to 
consider two alternative ways to increase 
(or decrease) the efficiency of the predator 
population. The outcomes of these two 
changes are then compared and contrasted 
in terms of the effects on the population as 
a whole, for both predators and prey. The 
second set of experiments expands the model 
even further, to include an explicit “energy” 
requirement for individual predators to 
move and hunt, as well as a mechanism for 
evolving efficiency. Of course, there is also 
the possibility of a concurrent change in the 
energy expenditure required for increased 
efficacy, so that an increase in hunting 
effectiveness requires a greater expenditure 
in energy.

III - Experimental Design

3.1 - First Experiment

Here we consider two different 
methods for increasing (or 
decreasing) the efficiency of the 

predator population. As noted in Section 
1.2, the number of “turns per tick” for 
the predators can be changed, which has 
consequences for both predator and prey 
populations. If this number is reduced, then 
the predator population as a whole has fewer 

actions relative to the prey for a given period. 
Another control for changing the attributes 
of the predator population has been added 
to the model called the “predator success 
rate.” In the baseline model if a predator 
finds prey on its current patch it will eat 100 
percent of the time. With this new controller 
there is now a chance that the predator will 
“miss” the prey or that the prey will escape.
 Intuitively, these two different 
methods of controlling the predator 
population would seem to have very similar 
effects; both act to reduce the effectiveness 
of the predator population. If each predator 
has, for example, half as many actions per 
time step, that would seem to be similar in 
effect as if each predator misses its prey half 
the time. However, as shown below, this 
turns out not to be the case.

3.2 - Results—First Experiment

 In the first case, where the number 
of turns per tick is reduced by one third, the 
new equilibrium result is that the predator 
population is higher; also by approximately 
one third (Figure 2). Interestingly, none of the 
other monitored outcomes has changed the 
prey population size, the prey consumption 
rate or average age, or the predators’ relative 
consumption rate and average age. Note that 
for the predators changing the “turns per 
tick” in reality does change their average age 
and consumption rate when compared with 
the prey. However, the average predator still 
consumes the same number of prey over its 
own lifetime; reducing the “turns per tick” 
by one third simply increases the predator 
lifetime by one third, because a unit of 
“lifetime” is advanced during each turn, not 
during a simulation time step.
 In the second case, we reduce the 
effectiveness of each predator, so that 
approximately one third of the time the 
predator will “miss” the local prey. In this 
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situation, however, we find quite a different 
result. The predator population does not 
decrease at all for being less effective hunters, 
but this does allow the prey population 
to increase, by approximately one third, 
and the prey average age also increases by 
a similar amount (Figure 3). The predator 
consumption rate is unchanged, but the prey 
consume food approximately one third less 
often which, perhaps paradoxically, reduces 
the total available food in the system (but by 
approximately one half).
 The first case above can be interpreted 
as a slowdown in the metabolism of all the 
individual predators; their lifetime is longer 
relative to the prey, but they do not consume 
any more prey across that lifetime. It is as if 

they have more resources available during 
a simulation time step, and therefore the 
predator population numbers benefit from 
this effect. The second case shows that even 
if all the predators become less effective 
hunters, by missing their prey one third of 
the time, their total population does not 
suffer in any way. Conversely, if the predators 
improve their hunting success, the prey 
suffers both individually and collectively, 
living a shorter lifespan and displaying a 
concurrent drop in total population size. 
If left unchecked continued, predation 
improvements would conceivably drive the 
prey to extinction. Therefore, the next set of 
experiments considers what mechanism is 
sufficient to prevent this outcome.

Fig. 2. Population and average age changes as predators' "turns per tick" is reduced by one-
third. Predator population (left) and average age (right) are in purple; prey are in red, and 
food is in green (left only)

Fig. 3. Population and average age changes as predators' "success rate" is reduced by one-
third.  Predator population (left) and average age (right) are in purple; prey are in red, and 
food is in green (left only)
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3.3 - Second Experiment

 Using the same generative model, 
“energy” is added as an explicit constraint 
on the individual predators. Recall that in 
the baseline model each predator tracts 
how many prey have been consumed, and 
they will generate a new predator (asexual 
reproduction) once a threshold is reached. 
This could be considered an accounting of 
energy accumulation among the agents. 
Energy is therefore added to this model by 
imposing a small “movement cost” for the 
predators, reducing this accumulation by a 
small amount each turn.
 Each predator is instantiated with 
a “success rate” of 0.50; however, now each 
predator has a random chance to mutate its 
own success rate in a way that is coupled to 
movement costs. If the success rate is mutated 
higher, then movement costs increase; if 
it mutates lower, then movement costs 
decrease. Specifically, there is a 1/1,000th 
chance for a positive mutation each turn, and 
a 1/1,000th chance for a negative mutation. 
Consuming one fish adds one unit to a 
predator’s accumulated resources, and for 
the following experiments movement costs 
are set as 1/100th of a resource unit per turn, 
or 0.01 units.

3.4 - Results—Second Experiment

 A series of simulation runs was 
conducted with five different values coupling 
success rate changes with movement costs 
changes. The first experiment considered 
that for every mutation of a 1% increase in 
success (from a base of 50%) the individual 
would have a 0.0001 increase in the 
movement cost (from a base rate of 0.01—
therefore, also a 1% change). For the second 
simulation run, this trade-off was 2% added 
to movement cost, for every 1% increase in 
efficiency. The third had a 2.5% additional 

cost; the fourth, 3%; and the last was 4%. 
(Note: these percentages are additive, not 
compounded.)
 The 1% and 4% trade-off values 
produced results that fall outside a 
meaningful range for the simulated 
conditions. If the trade-off for improved 
success is too inexpensive (e.g., 1%), 
then the predators keep evolving until 
they reach 100% effectiveness, catching a 
prey each turn. Since the model does not 
allow for more than 100% effectiveness, 
this result is ignored. Similarly, when the 
trade-off is too expensive (e.g., 4%), then 
the predators will continually evolve to be 
less and less effective hunters in order to 
save energy. This evolution continues until 
the predators reach an average movement 
cost of approximately zero. This is also an 
invalid result, since the model assumes that 
all individuals will have a positive energy 
requirement for movement.
 The three remaining experiments 
(Figure 4) show that there is clearly an 
equilibrium rate for predator success, where 
the individual predators will stop evolving 
their hunting effectiveness at some point. 
In the top chart in Figure 4 the equilibrium 
success rate is high, ~97% on average, with 
an average movement cost of ~0.015 (about 
50% higher than initialization). For the 
middle chart, the success rate is stable at 50%, 
with an average movement cost remaining 
very close to the 0.010 initialization amount. 
In addition, the bottom chart stabilizes at a 
success rate of ~25%, with movement cost 
reduced to ~0.003 (about 70% less than the 
initialization amount).
 The most remarkable aspect of 
these experiments—adding a movement 
cost to the predators and allowing hunting 
effectiveness to evolve—is that the outcome 
for both populations is decidedly different 
from those from Section 3.2. Recall that, 
when predator effectiveness was reduced 
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Fig. 4. Evolved predator success rate, for three different levels of trade-offs between changes 
in effectiveness and changes in movement costs

Fig. 5. Low cost trade-off (top row), medium cost trade-off (middle row), and high 
cost trade-off (bottom row), between changes in predation effectiveness and changes in 
movement costs.  The middle column displays the resulting changes in population levels for 
the predators (purple), prey (red), and food (green).  The right-most column displays the 
resulting changes in average age for predators and prey
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from 100% to ~67%, the prey was benefited, 
increasing their equilibrium population 
size, as well as their average age. However, 
now that energy is explicitly accounted 
for with a movement cost, and individual 
effectiveness can only be reduced by 
reducing this movement cost, the benefits of 
a similar change no longer accrue to the prey 
population. Figure 5 illustrates this result.
 The last row in Figure 5 reproduces 
the bottom chart in Figure 4, where the 
predators’ individual effectiveness is 
reduced from 50% to ~25%. Rather than 
benefiting, the prey population is reduced 
in size by a very small amount. Conversely, 
the predator population increases quite 
dramatically: their final population size is 
double in value of what it had at the start 
of the simulation, and their average age 
has increased as well. Clearly, they have 
benefited from the reduction in movement 
costs, living longer while eating less, and not 
significantly reducing the overall size of their 
prey population. Thus, when the trade-off is 
high, predators will choose to reduce their 
efforts, both individually and collectively.
 A moderate trade-off (2.5%, middle 
row) and a low trade-off (2%, top row) 
produce less of a change, especially the 
moderate trade-off. As we can see, the 
moderate trade-off results in a hunting 
effectiveness equilibrium that is almost 
unchanged, still at ~50%, and a movement 
cost that is nearly the same as well—0.01 
units per turn. As such, the population 
size and average age for both predators and 
prey are virtually the same as they were at 
the start of the simulation. Even though the 
individual predators could evolve to hunt 
better (or worse), at this trade-off they do 
not. 
 The low trade-off condition (2%, 
top row) does have negative consequences 
for both populations. Recall from Figure 
4 that the predators increase their hunting 

effectiveness, from 50% to very nearly 
perfect, ~97% on average. In the original 
model that does not account for energy 
costs, this would be harmful for the 
prey population but would not affect the 
predators at all, in either population size 
or average age. Here, things are different. 
The prey population experiences an almost 
imperceptible decrease in size, while the 
predators experience a ~40% decline in 
numbers, and a ~30% decline in average 
age. The lesson seems to be that if predator 
success comes too easy, then everyone loses.

IV - Discussion and Future Work

In our previous results, we showed 
how increasing the food to the prey 
population does not truly help the 

prey; rather, only the predator population 
increases in size. Because of this increase in 
predators, the prey is consumed faster than 
otherwise: they eat faster and reproduce 
faster, but since there is no change in the 
predators’ hunting ability, the prey must also 
have a shorter lifespan when there are more 
predators. The Red Queen hypothesis raises 
questions, however, about the predators’ 
effectiveness: what happens when this is 
changed? In particular, can we discover the 
minimal conditions that put a limit on such 
change?
 In the first set of experiments, we 
adjusted this effectiveness directly, by simply 
dictating how often (stochastically) the 
predators would miss catching a prey. This 
potentially helps us understand the net effect 
on population levels that the Red Queen 
hypothesis can have, but it does not help 
explain the mechanism that will get us there. 
Due to the absence of a detailed study, it may 
be assumed that both the predators and the 
prey should adapt endlessly, engendering 
an arms race in their antagonistic abilities. 
The second set of experiments, however, 
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explicitly allows for a trade-off between the 
amount of energy expended by individuals 
versus their success rate, so that they can 
improve, but only at a cost. Conversely, the 
predators can also reduce their effectiveness 
in order to conserve resources. As this 
simulation shows, when the trade-off is high 
this is exactly what they will do.
 Throughout this paper we have 
assumed that improving or reducing 
predation effectiveness has been an 
evolutionary mechanism; i.e., through 
the mutation and spread of changes in the 
genotype. This is taken from the original 
formulation of the Red Queen hypothesis. 
However, these models are not limited to that 
interpretation. The changes are abstracted 
into a very simple measure of effectiveness, 
and this could be interpreted to mean 
that the predators simply learn to become 
more (or less) effective hunters. Thus, the 
applicability of this model is much broader 
than just changes on the evolutionary scale. 
 This work also has substantial policy 
implications. The issue of predation efficacy 
versus energy/resources investments has 
clear and direct relevance to the questions 
of innovation and creativity, company 
investment strategies in a competitive space, 
arms race, political and military conflicts, 
sustainability and resilience, ecology, or 
marketing, to name a few. The models 
developed in this research effort can be 
easily adapted to any of the above, or other, 
application domains.
 There is much more to be done in 
future work. The most obvious is to put 
similar energy constraints on the prey 
population as well as the predators. If 
they can also adapt their ability to escape 
predation, given similar resource trade-
offs, how will they react, both individually 
and collectively? Another consideration is 
to instantiate a more complicated food web. 
Due to the constraints of the competitive 

exclusion principle, there is not yet a simple 
way to add (and preserve) a diversity of 
species at a particular trophic level. However, 
we can easily add and experiment with a 
“top predator,” in order to extend the food 
chain to a four-trophic-level system. As seen 
in previous results, this addition will affect 
all population levels in both size and average 
age. While we expect that it is the size of 
the changes, rather than the direction, that 
would be affected, it remains to be seen if 
the results presented here are robust enough 
to accommodate such an addition.

V - Conclusions

Even in a simple model of population 
dynamics, with very basic 
assumptions, we find many outcomes 

that are non-intuitive in nature. The power 
of this ABM model, however, is that by 
understanding the fundamental properties 
of the simplest model we can perhaps 
better understand how additional and more 
complicated factors affect dynamical food 
webs in the real world. Furthermore, an 
ABM allows us to monitor many aspects of 
these simulated populations that are difficult 
or impossible to monitor for their real-
world counterparts. For example, average 
consumption by a predator population would 
be time- and resource intensive to record in 
the field, while in a simulated environment 
it is elementary. Even more exciting, 
however, is the possibility that a properly 
calibrated ABM—one that is grounded in 
a specific, real-world food web—might also 
provide other simulated measures that can 
be collected in the field, as well as infer those 
that cannot be. For example, the average age 
of each population is a variable that has a 
particular (and sometimes non-intuitive) 
consequence that it at least indicates what 
(for example) average consumption rates 
might be. Average age is much easier to 
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record in a real-world environment, and 
so a realistic and grounded ABM has the 
potential to demonstrate deductive rules 
about a particular ecosystem, such that 
some data that are difficult or impossible to 
determine by application of these rules to 
the data we have.
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An important perspective use of agent-based models (ABMs) is that of being 
employed as tools to support decision systems in policymaking, in the complex 
systems framework. Such models can be usefully employed at two different 
levels: to help in deciding (policymaker level) and to empower the capabilities 
of people in evaluating the effectiveness of policies (citizen level). Consequently, 
the class of ABMs for policymaking needs to be both quite simple in its 
structure and highly sophisticated in its outcomes. The pursuing of simplicity 
and sophistication can be made more effective by applying network analysis 
to the emergent results. Actually, in today’s world the consequences of choices 
and decisions and their effects on society, and on its organization, are equally 
relevant. Considering the agent-based and network techniques together, we 
have a further important possibility. Since it is easier to have network data (i.e. 
social network data) than detailed behavioral individual information, we can 
try to understand the relationships between the dynamic changes of the networks 
emerging from ABMs and the behavior of the agents. As we understand these 
connections, we can apply them to actual networks, to try to understand what 
the behavioral black boxes of real-world agents contain. We propose a simple 
basic structure where events, scheduled upon time, call upon agents to behave, 
to modify their context, and to create new structures of links among them. 
Events are organized as collections of small acts and steps. The metaphor is 
that of a recipe, i.e. a set of directions with a list of ingredients for making or 
preparing something, especially food (as defined in the American Heritage 
dictionary). Technically, recipes are sequences of numerical or alphanumerical 
codes, reported in vectors, and move from an agent to another determining 
the events and generating the edges of the emerging networks. A basic code 
will be shown, useful to manage possible applications in different fields: 
production, healthcare scenarios, paper co-authorship, opinion spreading, etc. 
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1. Introduction—Complexity and 
Policy

In the last two decades, complexity 
economics has reached a considerable 
scientific cohesion and it is currently 

one of the most successful endeavors at 
the frontier of research. The boundary that 
needs to be crossed is now that of the policy 
domain. 
 It is beyond doubt that the ontology 
and epistemology of complex systems—
heterogeneity, interaction, innovation, and 
adaptation—offers new insights both to 
scholars and policymakers (Fontana, 2012); 
however in spite of a considerable number 
of case studies, there is no sign of an 
emerging unitary theory.1 On the contrary, 
on the methods side considerable progress 
has been made.
 Among the tools developed in the 
complexity field, agent-based modeling 
(hereafter, ABM) and network analysis 
(hereafter, NA) seem very important 
in sustaining the process of bringing 
complexity to bear on the policy world. The 
former allows modeling a variety of agents 
and mechanism of interaction in ways 
that are precluded from mathematical and 
econometric models; the latter unveil the 
role in the structure of interaction to the 
diffusion of the effects of policy, in their 
efficiency and stability over time. 
 Moreover, they allow embedding 
a huge amount of data in user-friendly 
models—typically software—that improve 
the transfer of knowledge and competences 
from the academic world to the policy 
environment.
 While models using these methods 
are currently thriving, the attempts at 
applying them jointly are not very frequent 
(De Caux, Smith, Kniveton, Black, & 
Philippides, 2014; Edmonds & Chattoe, 
2005; Hamill & Gilbert, 2009; Kirman 

& Vriend, 2001; Weisbuch, Kirman, & 
Herreiner, 2000). In this paper, we argue 
that the combination of the two methods 
can increase enormously the potential of 
complexity-based policies and we propose 
a model that operationalizes the merger 
of the two from an innovative perspective. 
We conclude by proposing a project for a 
novel procedure of analysis that can deduce 
individual behavior from the structure of 
emerging network thereby diminishing the 
computational and informational burden 
that is required to devise policies in complex 
environments.
 The rest of the paper is organized 
as follows: Section 1 discusses the current 
state of the literature on the joint use 
of ABMs and NA and emphasizes its 
potential benefits; Section 2 introduces 
recipeWorld, an agent-based model that 
simulates the emergence of a network out 
of a decentralized autonomous interaction; 
Section 3 illustrates a reverse engineering 
technique—from data to model—that we 
are starting to develop and its importance 
for policymaking; Section 4 takes a broader 
perspective on an ABM/NA policy and 
discusses how it can overcame some 
limitations of the current approach. Section 
5 concludes with some remarks.

2. Agent-based Modeling and NA: 
the Benefits of Cross-fertilization

The very definition of a complex system 
involves structure and patterns 
emerging from a decentralized 

autonomous interaction. The exploration of 
this micro–macro mapping is well suited to 
ABMs, but what if the emerging structure is 
a network? 
 To put it differently, social, 
economic, and technological networks 
in the real world are generated through 
contacts made by individuals pursuing their 
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own end. This is precisely what happens in 
ABMs, it follows that we can generate easily 
and sensibly networks through ABMs.
 In addition to the above general 
consideration, the researches on the topic 
emphasize a series of limits of NA that 
could be overcome, thanks to the cross-
fertilization with ABMs.
 The first issue is that of dynamics. De 
Caux et al. (2014, p. 2) point out that much of 
network theory focuses on static networks,1  
whereas it is obvious that interaction is 
dynamic and evolutionary. 
 The second issue concerns the 
behavior of nodes. NA has to reconcile 
two different and sometimes apparently 
irreconcilable aspects: the need of generating 
a network through appropriate form/
severe rules and the need of embedding in 
such rules a stylized version of meaningful 
social and economic behaviors. It seems 
rules that govern the formation of links 
that the literature in traditional network 
theory to date employs are usually very 
straightforward and often lack empirical 
foundations (Roth, 2007). It follows that, 
through these models, we can only generate 
theoretical networks are essentially abstract 
in nature.
 As far as methods are concerned, 
the traditional mathematical modeling of 
networks encounters a series of problems. 
Firstly, the scope for actual interaction is 
very limited since the behavior of the nodes 
is synthetized in few formal propositions 
and this is inherited from cellular automata; 
secondly, because of this limitation, the 
obvious way to explore the possible set 
of nodes configurations is by means of 
combinatorics. This leads to a serious 
problem in mastering the model, since it has 
been shown (Johnson & Gilles, 2000) that, 
for instance, a network with eight nodes 
can generate up to 250 million different 
theoretical networks. 

 Considering the dimension of real-
world networks, this seems a serious flaw in 
the possibility of using such models to guide 
policy decisions. A further consideration is 
that the use of combinatorics, while mapping 
all the possible networks, gives no insight 
about which is more likely to emerge.
 To sum up, the process that guides 
such research is of the following kind: (i) take 
data from real world (e.g. social media); (ii) 
observe regularities (i.e. social networks are 
often of the small world type); (iii) generate 
theoretical networks with desired properties 
(e.g. stable and efficient networks); (iv) 
measure the distance between theoretical 
and actual networks by means of network 
statistics.
 Step (iv) is of utter importance. 
Edmonds and Chattoe (2005) stress the 
weakness of the causal association between 
measures and the actual properties of the 
whole network in the name of algorithmic 
non-compressibility: 

“the most individualistic measures (like 
density) are most likely not to capture the 
overall ‘flavour’ of the networks but even 
for obviously structural measures like 
centrality and cliques, we are still entitled 
to ask how well these ‘subnetwork’ 
measures should be expected to capture 
properties of the whole network (2005, 
p. 1).” 

 If this is the case, the measures used 
to perform step (iv) might be inaccurate to 
give an understanding of the social facts that 
lie behind the network despite the fact that 
such an understanding that is the ultimate 
goal of the entire undertaking.
 The issues listed so far often show up 
jointly. For instance, measures of networks 
can be unreliable due to the inherent 
dynamic nature of networks. The usual 
dynamic version of NA consists in generating 
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a series of frames at fixed intervals resting 
on the assumption that there is continuity 
between frames (Barnett, 2001). Edmonds 
and Chattoe (2005) stress that this might 
not be the case since, as interaction takes 
place, individuals change their attributes 
and their position in the network (Search 
for Haldane on financial networks). When 
networks are generated from data, the 
problem becomes more stringent: the 
frames can be produced only according to 
data availability (yearly, quarterly) and this 
implies the assumption that change takes 
place with that specific timing. In general, 
this is a gross simplification that becomes 
very dangerous when policy measures are 
concerned.
 Let us see how the introduction 
of ABM can remedy these defects. Firstly, 
since ABM is inherently dynamic, the 
problems with static networks are overcome 
naturally. Secondly, where the modeling 
of agents is concerned, ABM permits the 
desired richness of behaviors and attributes 
that might bridge the gap between agent 
nodes and the real world. As for the 
problems created by combinatorics, they 
completely disappear within an ABM 
where the number of agents is limited only 
by computational power. The number of 
possible configurations remains, of course, 
enormous but the problem can be mitigated 
by establishing a stronger relationship 
between purposeful micro behaviors and 
emerging networks. By virtue of the same 
argument, we can also solve the problems 
related to measurement: ABM involves 
specifying both a set of individual behaviors 
and the unfolding of the dynamics of social 
interactions to include the evolution of 
networks. This means that we can both 
measure simulated networks in different 
ways (just as we can do in real networks but on 
a much larger scale) but also (as we typically 
cannot do with real networks) investigate 

whether the network characteristics we 
choose to measure correspond effectively to 
the behavior imposed on the agent/node.
 In the paper, we investigate the 
emergence of networks when the nodes 
themselves—as individuals in an agent-
based simulation—choose to form or 
maintain links. The literature on the topic is 
concentrated on conceiving formation/sever 
rules that can create networks with some 
desired properties in terms of structure—
say, small world or scale free—or in terms 
of efficiency and stability.2 Our contribution 
takes a different perspective that can 
complement and enrich the ongoing research 
scenario. Our aim is not to grow networks 
with a priori super-imposed features; 
rather we start from typical socioeconomic 
interactions (i.e. production, exchange, 
healthcare, academic cooperation) and track 
the emerging regularities. From our angle, 
the emergent network is not an objective but 
a consequence of interaction.
The difference is of no small importance. 
As we will explain in what follows, we aim 
at observing and mapping the emergent 
network configurations and at studying 
them without detailed knowledge of the 
underlying behavior. In order to exemplify 
the argument, we propose our benchmark 
model in which agents build networks 
through a sequence of action–events 
interactions and we provide some examples.

3. A RecipeWorld for Economic 
Policy

RecipeWorld is an ABM that simulates 
the emergence of networks out 
of a decentralized autonomous 

interaction.3 The rationale behind it is to 
offer a few hints to find a framework and a 
grammar that are flexible and straightforward 
enough to encompass the widest possible 
range of purposeful and socially meaningful 
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individual and organizational behavior. This 
is meant to meet the obvious requirement of 
generality but is also is thought of as a way of 
making the simulation setting homogeneous 
over different types of scenarios (e.g., 
imagine comparing health and labor market 
policies in different simulations of the 
same economic system) thereby making 
the simulation more transparent for both 
scholars and policymakers.
 In order to accomplish this task, we 
build a simulation platform—recipeWorld—
composed of three foundational elements:

• Recipes,4 represent a variable number 
of steps to be taken in order achieve a 
given end;

• orders, are objects representing the 
end to be pursued (e.g., produce a 
good). An order contains technical 
information (e.g., the production 
steps) and accounting data;

• agents, intended as problem solving 
cores. Each agent—that can be active 
or inactive—is able to perform one or 
more of the steps required to complete 
the recipe.

 Recipes are coded as strings of 
numbers—their components. Each number 
(or, if you want, each label) is related to an 
act, a sub-routine, of the modeled action.
 For instance:

 Recipes can be of any length and 
can contain subparts with specific structural 

characteristics, such as:

[1 4 (3 6 5) 8]

where the instructions in parentheses have 
to be run in a parallel way; or

[7 4 {10} 9 2]

where the part in curly brackets has to be 
run putting together a batch of different 
recipes to be executed at the same time 
(e.g., transportation phase, with a minimum 
quantity to be transported). For instance, 
these recipes could represent the steps that 
are necessary to produce according to the 
demand (order) expressed by the market. 
The good moves from one production unit 
to the other (inactive agents) according to 
the problem solving skill attributed to each 
unit. Or else, a person (active agent, in this 
case the subject launching the “order”) is 
supposed to suffer from a few healthcare 
problems represented by recipes as above. 
Those recipes/events will be activated at 
different moments of this person’s lifetime. 
In this case, the steps of the recipe are 
actions to be executed within the healthcare 
system (a medical examination, a period in 
a hospital, having surgery, etc.). It is worth 
nothing that in both cases, in addition to the 
economic/social relevance of the emergence 
detected by the traditional ABM there is a 
network forming. In the first example the 
order/product/ is moving from a production 
unit to another, creating a network among 
the production units; and, in the second 
example, the patient acting within the 
healthcare system creates and then uses links 
among doctors, hospitals, sanitary tests, etc.
 Let us briefly illustrate an example 
of code in order to show how the network 
emerges. The case is that of the order about 
goods to be produced, moving from factory 
to factory.

 

  

   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   

[3 1 7 6] means: 

- execute step 3, then 

- execute step 1, then 

- … 
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 In Figure 1, we see a set of factories, 
specialized in executing different steps of 
each order/recipe. Orders are randomly 

generated and temporarily stored in an 
abstract place, as indicated.

From Agent-Based Models to Network Analysis (and Return): The Policy-Making Perspective

	
 In Figure 2, production takes place 
and the orders move around the simulated 
world, generating the links between factories 
(graphs can be undirected). In order to 

detect the strength of links, links have an 
attribute—quantity—measuring how many 
times the link has been strengthened by 
orders/recipes passing there.

	 Figure 2

Figure 1



83

Policy and Complex Systems

We then simplify the network (Figure 3) 
by pruning the links having the quantity 

attribute less than or equal to a given value 
(4 in this case).

Figure 3	

Figure 4

 We then report the same network 
(Figure 4) shown in a circle to better identify 
the system of the links and to calculate 
the betweenness measure for each node; 

immediately we can discover the key nodes 
of the network in a specific run of the 
simulation.5
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 Finally, we restore the original 
positions of the agents/nodes, showing 
that it is, in any case, possible to calculate 
and to display the indicators based on the 

network algorithms. The original positions 
are important in spatially critical networks, 
e.g., a network of hospitals (Figure 5).

From Agent-Based Models to Network Analysis (and Return): The Policy-Making Perspective

Figure 5	

 This approach innovates with 
respect to other interesting works on ABM 
and networks (e.g., De Caux et al., 2014; 
Hamill & Gilbert, 2009) where the agents 
act to generate the network; in our context, 
agents are activated, following their internal 
rules and capabilities, by the events, and the 
network emerges as a side effect, as in the 
real world.6

 Moreover, with respect to the 
other approaches (Carayol, Roux, & 
YildizoGlu, 2008) that attempt to build 
networks through various characteristic 
recombination of links, our approach has no 
intrinsic limitation in the number of agents 
to be modeled, in that it does not work in 
combinatory terms. It follows that it can 
be used on a scale that can satisfactorily 
approximate real-world phenomena. In 
addition, the possibility of linking ABM and 

NA in such a straightforward way is ripe 
with implications for policy analysis. Let us 
see them in more detail.

4. A RecipeWorld for Economic Pol-
icy: Exploring Reverse Engineering

In Figure 6, we represent the relationships 
between the real world, the simulated world, 
and the conclusions that can be drawn from 
the model. (A) Is the actual world populated 
by entities e1, e2, …, en and by their actual 
network; (B) is an ABM where agents a1, a2, 
…, an are mimicking the actual behavior of 
the entities in (A) via the execution of orders 
and recipes; (C) represent the agents of (B) 
generating a network, which—if the agents 
as construction are correctly managed—is 
similar, or very close, to that in (A).
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Figure 6

Figure 7

 Unfortunately, we do not always 
have perfect knowledge of the actual 
world: let us imagine that we do not have 
thorough knowledge of (A), so that the 
easy construction of the ABM, (B), is 
not possible. Partial knowledge is a very 
common situation in research; the problems 
deriving from it are of different importance 
and nature according the aim of research. In 
ABMs, often they manifest themselves in the 
form of a mapping from many to one, i.e., 

when various hypothetical micro behaviors 
generate the same macro regularity, or 
they might take the form of an excessive 
simplification of behaviors (KISS [Keep It 
Simple Stupid] principle) in order to keep 
the parameters’ space and the interpretation 
of causal relationships feasible. 
 In the case of policy prescriptions, 
where the necessity of reproducing 
real-world behavior and interaction is 
particularly felt, the problem is quite acute. 
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 The aim of the future developments 
of our model is to overcome the impasse—
summarized in Figure 7—by means of an 
innovative statistical procedure. 
 Assume that we know (D) that is 
data on the network, instead of the exact 

list of ei. The intuition behind the project 
is that by knowing (D) we can infer about 
C7 (Figure 8). The idea is to move from (D) 
to (C), by building an artificial network 
emerging from a system of agents.

From Agent-Based Models to Network Analysis (and Return): The Policy-Making Perspective

Figure 8	

	
Figure 9

If we succeed in this operation we can be very 
close to (B) and therefore to (A) (Figure 9).
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 The methodological work to be done 
is huge, now we move only from (A) to (B) 
and to (C), using the recipes tool we have (C) 
emerging from (B). The crucial point in the 
model is that the network is emerging, not 
engineered ad hoc. 
 We stress this last sentence: we have 
interesting works on ABM and networks (De 
Caux et al., 2014; Hamill & Gilbert, 2009) 
where the agents act to generate the network; 
in our context, agents are activated, following 
their internal rules and capabilities, by the 
events, and the network emerges as a side 
effect, as in the real world. We can apply to 
our (C) structures exactly the same range 
(palette) of algorithms that we can apply to 
(D).
 As illustrated by Table 1, that 
compares traditional NA with ABM–NA, 
the process that underlies the two kinds of 
modeling is radically different.
 The same marked difference can be 
found in the output. ABM–NA produces a 
model that can be used to simulate the long-
term effect of policy when individuals and 
their network adapt to it or introduce new 
behavior.

5. The Broader Policymaking Per-
spective

Taking a broad complexity view on 
policymaking takes us very far from 
what has been done so far in the 

field. Even after disenchantment with the 
beneficial and efficient properties of the self-
organization of market, economists have 
trusted their abilities to control the economy. 
The idea of intervening in the economy when 
it fails to adjust spontaneously or when there 
is the need to steer it toward a (politically) 
given direction has dominated economics 
in the last century independently of the 
prevailing theoretical background. In fact, 
the various schools of economic thought 
differ mainly in the prescribed control 
tools (e.g., monetary vs. fiscal policy), 
sharing unfaltering confidence in the idea 
that economies work as machines and that 
“equilibrium” is the key to their functioning.
 By “control” we mean the possibility 
of adjusting, according to the prescriptions 
of the various economic theories, some given 
variables such as public expenditure or the 

 

 

Steps 

 

Network Analysis 

 

Agent-based Network Analysis 

I Take data from real world Take data from real world (on micro-
behavior of network) 

II Observe regularities Build an ABM of the phenomenon of 
interest 

III Generate theoretical networks with the 
desired properties Observe emerging networks (if any) 

IV 
Measure the distance between theoretical 
and actual networks by means of network 

statistics 

Study the dynamic properties of the 
emerging network 

 

 

Table 1
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quantity of money with the aim of obtaining 
full employment and stable prices. Implicitly, 
control requires the possibility of forecasting 
both the trend and the turning points of 
economic systems. Sadly enough, the history 
of control and prediction of economic 
phenomena is beset with failures. The 
record of failures is as long as the discussion 
concerning their causes.
 Switches in policies are the 
consequences of this debate: theories used by 
economists have been held responsible for the 
ineffectiveness of their applications. A classic 
example is the discussion generated by the 
Lucas critique (1976) on large-scale macro-
econometric models. He raised a crucial issue: 
the parameters of those models vary with the 
undertaken policies (they are structural) and 
therefore their predictions are likely to be 
misleading. Lucas’ suggestion was to model 
the micro parameters of the models, that is 
to say preferences, technology constraints, 
and so forth, in order to understand what the 
agent would do as a consequence of a policy. 
The aggregation of individual responses 
would have generated the macroeconomic 
impact of the change in policy. Kidland 
and Prescott (1977) developed Lucas’ thesis 
by operationalizing the search for micro 
foundation of macroeconomic models.
 Dynamic stochastic general 
equilibrium (DSGE) models constitute the 
most recent development of this line of 
research. With respect to previous efforts 
they try to include historical time and 
random events. However, in order to assure 
solvability and simplicity DSGE usually 
neglects parts of the economic systems such 
as the financial markets and the banks whose 
importance has been remarkably highlighted 
by the last economic crisis. 
 With the persistence of the current 
financial crisis and resultant recession that 
models—especially DSGE—have failed to 
capture, the discussion concerning the need 

for new economic theories has gained new 
vigor. Complexity economics enters the 
stage by formulating the hypothesis that 
the cause of the policies failures is not to be 
found in theories; rather it resides in their 
underlying ontology. It is the assimilation 
of the economy to a machine ruled by 
equilibrium that deceives economists. If we 
remove this cognitive habit, the importance 
of complexity-based policy is evident. It 
allows for procedural rationality, for explicit 
institutional settings, for the inclusion of 
historical time and it permits thorough 
comparisons among systems. All these 
features are definitely of immeasurable value 
to policymakers and their demand for non-
conventional tool is now increasing.8

 The joint application of ABM 
and NA can meet this need by providing 
a series of information that were hardly 
available beforehand. By strengthening the 
connection between micro behaviors and 
emerging networks, agent-based networks 
can improve knowledge on how efficient and 
stable9 networks come about. It is well known 
that the sets of efficient and stable networks 
do not always intersect (Carayol, Roux, 
& Yildizo Glu, 2008; Jackson & Wolinski, 
1999). The trade-off between the two is of 
crucial interest to the policymaker when it is 
a matter of creating a new or modifying an 
existent network.
 In the absence of a way to model the 
real process of network emergence, scholars 
have often focused on notions of stability that 
do not depend on any particular formation 
process (e.g., pairwise stability), thereby 
separating the stability of the network 
from the stability of internal dynamics. We 
strongly believe that policy could profit from 
a deeper knowledge of how stability relates 
to the rules that generate the network.
 Notice that agent-based network 
models can also explore the tension between 
stability and dynamics. As explained in 
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Section 1, as interaction takes place in the 
ABM, agents/nodes change their attitudes, 
features, and position in the network. 
The fusion we have suggested so far let us 
investigate what happens to the stability of 
the network when agents, change, eventually 
disappear and are replaced by new nodes.10 
For instance, De Caux et al. (2014) show that 
for given value of some critical parameter 
(in their case, movement ability and age of 
agents) the number of separate clusters in 
the network decreases sharply and generates 
mega cluster.11 Such transitions carry 
important implications for the properties 
of the networks, such as their resilience 
to random shocks, which are of crucial 
importance to policymaker. 
 As knowledge in this field 
accumulates, it might be thought that 
policymaker could fine tune efficiency and 
stability. In the same sense, but more generally, 
agent-based network gives insights into the 
evolution of network statistics over time 
and on their possible evanescence therefore 
overcoming some of the problems raised by 
Edmonds and Chattoe (2005). Among those, 
thanks to the transparency of the formation 
process and of the status of the network 
nodes, there is the possibility of matching 
the conventional network measures with a 
more “customized” analysis that can grasp 
the actual conditions of groups of nodes that 
are of particular interest (regions, coalitions, 
productive sectors). 
 Finally, the technique of reverse 
engineering that we are starting to tackle 
in the paper is likewise useful in order to 
diminish the knowledge that policymakers 
must acquire in order to act.

6. Concluding Remarks

Complexity economics is currently 
facing the challenge of developing 
theory and tools that can support 

decision systems in policymaking. Agent-
based modeling plays a crucial in completing 
this task. ABMs can be useful both in deciding 
(policymaker level) and in empowering 
the capabilities of people in evaluating 
the effectiveness of policies (citizen level). 
Consequently, the class of ABMs for 
policymaking needs to be both quite simple 
in its structure and highly sophisticated in its 
outcomes. As we have shown, the application 
of NA to the emergent results can facilitate 
the achievement of this task by emphasizing 
the consequences of choices and decisions 
on the structure of society.
 In order to demonstrate the benefits 
of the matching between ABM and NA we 
introduce a simple model—recipeWorld—
in which networks emerge because of 
meaningful economic behavior. We then 
discuss the implications of the joint use of the 
two techniques at length, focusing on the role 
of dynamic network models in policymaking 
and by introducing a research challenge 
that we are undertaking. Since it is easier 
to have network data (i.e., social network 
data) than detailed behavioral individual 
information, we can try to understand the 
relationship between the dynamic changes 
of the networks emerging from ABMs and 
the behavior of the agents. As we understand 
these relationships, we can apply them to 
actual networks, trying to understand the 
content of the behavioral black boxes of real-
world agents.
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Endnotes
1 See, for instance, and Watts and Strogatz (1998) on the formation of small world networks. 
Another limitation of their model is that it cannot grow a network from scratch.
2 On the topic see the pioneering papers of Aumann and Myerson (1988), Roth and Sotomayor 
(1989), and Jackson and Wolinski (1996).
3 recipeWorld is currently a prototype in NetLogo.
A previous implementation of the recipe idea (without the network side) already exists in Java 
Swarm; it is at http://web.econ.unito.it/terna/jes/.
A new version in under development in SLAPP (Swarm-Like Agent Protocol in Python); SLAPP is 
at http://eco83.econ.unito.it/terna/slapp/.
4 The term recipe is typical of industrial economics. A recipe contains data about the properties of 
actions (e.g. quantity) and their timing (e.g. parallel or sequential) (Terna 2010, p. 250); see also 
http://web.econ.unito.it/terna/jes/.
5 Calculations are made using the new NW NetLogo extension.
https://github.com/NetLogo/NW-Extension.
6 The idea of using the technique of the recipes to wire a network of agents can be found also 
in Jesi and Fioretti (2012) and it is implemented in the related code on line at http://aesop-acp.
sourceforge.net.
7 The first work that we have read on the (D) to (C) process is the Ph.D. thesis of Simone Gabbriellini 
(2009).
8 For an interesting survey of policymakers’ statements that support this view see Beinhocker 
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(2012).
9 The notion of efficiency requires the specification of an external aggregate value such as total 
productivity, income, etc.…, while stability is concerned with the allocation of the above value 
among nodes. When nodes have the ability to form and severe links, stability is calculated with 
respect to the external value by taking into account the individual incentive to form a link.
10 See for some interesting reflections on this topic Davidsen, Hebel, and Bronholdt  (2002).
11 Gonzalez, Lind, and Hermann  (2006) find a critical value for the number of contacts that a node 
can have in its life and interpret the transition to mega cluster as a percolation process.
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