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Preface

Fortune favors the prepared mind.

—Louis Pasteur

A beginning is the time for taking the most delicate care that the balances are correct.

—Frank Herbert

As the world becomes more interconnected and complex, our ability to understand it
must also. Simple models no longer suffice to answer many of our questions. The
advent of widespread fast computation has enabled us to work on more complex prob-
lems and to build and analyze more complex models. This has generated a new field
of knowledge called “complex systems.” This book is an introduction to one of the
primary methodologies that has arisen from complex systems research. This methodol-
ogy, called agent-based modeling, is a new way of doing science by conducting com-
puter-based experiments.

The rise of computation has also led to an explosion in new data. The amount of
new knowledge and data about our world is growing exponentially. This is true regard-
less of the subject area. From physics to chemistry, from biology to ecology, from
political science to economics, from management science to marketing, scientists and
researchers are routinely gathering data at a rate that far outstrips that of scientists in
the past. As this new data is captured, we can begin to ask questions about complex
systems that hitherto could not be meaningfully asked with an expectation of data-
driven answers. For example, “How do multiple species interact and compete to form
a stable ecosystem?” “How do political institutions affect individual decisions, espe-
cially when those individuals have the ability to manipulate political institutions?” or
“How can we engineer robots that can work and interact with complex social
processes?”’

As these complex questions are asked, future scientists, researchers, engineers, business
entrepreneurs, politicians, and practitioners will be called on to answer them. The toolkit
of complex systems methods will become a necessity for these individuals, and
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agent-based modeling (ABM) will play a central role in that toolkit." Through this book,
we will provide an introduction to ABM for anyone interested in answering questions
about the complex systems that are embedded in natural, social, and engineered contexts.

Our book will draw on applications in a wide variety of fields to help illustrate the power
of ABM methodology. Along the way, we will guide you through a series of hands-on
examples that will help you to understand how you can use this tool in your own work.
The guiding principle we used while writing this textbook (and also for NetLogo, the
language we will be using) is, “Low Threshold, No Ceiling.”* By that, we mean that there
is very little prerequisite knowledge to start using the material, but at the same time there
is no limit to what can be accomplished once it is mastered.

ABM is a powerful tool in helping us to understand complex systems. Our textbook,
though titled “An Introduction,” provides the tools necessary to enable you to build and
use agent-based models to investigate your own questions.

Who We Wrote This For

Because the field of ABM is applicable to so many domains, this textbook can be used in a
wide variety of contexts. It can serve as a main text for an interdisciplinary undergraduate
course on complex systems or a computer-science class on agent-based modeling. It can be
used as a supplementary text in a very wide range of undergraduate classes, including any
class where agent-based modeling can be profitably applied. This can be quite a broad list
of content areas. The material described in this textbook has been used in natural science
classes such as physics, chemistry, and biology; social science classes such as psychology,
sociology, and linguistics; and engineering classes such as materials science, industrial
engineering, and civil engineering. We have strived to balance the examples across content
areas, in order for at least one example to hit squarely on the content area of a given course.
Naturally, to achieve this goal, we must sacrifice depth in any one content area. As the field
of ABM progresses, we expect that in-depth domain-specific textbooks will appear.
Though we have targeted a high-level undergraduate or entry-level graduate audience,
we expect that the book will be useful to other audiences as well. The prerequisite knowl-
edge is not great; a motivated individual learner in a wide range of academic settings could
use this text. Similarly, since ABM methods may be new to many graduate students, we
expect that our book could be quite useful as a supplementary text to graduate classes in
a wide range of subject domains. ABM methods are increasingly used in research labs, in
the business community, and in policy circles. We anticipate that professionals in these
areas can benefit from the methods and examples herein. The material for this textbook

1. If ABM is used in a plural sense (ABMs) or with an article (an ABM) then ABM stands for agent-based
model and not agent-based modeling.

2. In the appendix, we discuss the history of the Logo programming language from which this slogan originated.
It can also be rendered as “Low Threshold, High Ceiling.”
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has arisen from and has been tested for over two decades of both undergraduate and gradu-
ate classes taught in Computer Science and in Learning Sciences by Uri Wilensky and
additional classes taught by William Rand, as well as hundreds of workshops, seminars,
and summer school courses conducted by both authors.

In the title, we specifically highlight “natural, social, and engineered complex systems.”
Natural systems are studied in fields such as biology and physics: complex systems that
are naturally occurring. Social systems consist of individuals interacting with each other.
Social systems can be natural and/or engineered. Engineered systems are those that have
been designed by humans to achieve a particular goal.

There are few prerequisites for this book. We do not assume any mathematical knowl-
edge beyond basic algebra, and we do not assume any prior programming knowledge. For
chapters 6, 7, and 8, we do assume that you have a very basic knowledge of statistics—for
example, that you understand what a normal distribution is. Moreover, as we discuss later,
we expect you to start with a rudimentary familiarity with NetLogo, and we suggest that
you work through the first three tutorials included in the NetLogo user manual of
the NetLogo software. The NetLogo software can be downloaded from ccl.northwestern
.edu/netlogo/.?

Working through this book will require reading and writing of computer code. This may
be quite unfamiliar to some readers. Though many people believe that computer program-
ming is too hard for them to learn, research by Constructionist educators and decades of
experience has shown the authors that virtually all students can learn to program in
NetLogo. We hope that you won’t be scared off by all the code in the textbook, and that
you will take the time to learn to read and write the code. We are very confident that you
can do it and that taking the time to learn it will pay rich dividends.

NetLogo and the Textbook

Many different agent-based modeling languages exist. As of this writing, NetLogo remains
the most widely used. Of the others currently in use, Swarm, developed at the Santa Fe
Institute, Repast, developed at Argonne National Laboratory, and MASON, developed at
George Mason University, are the next most pervasive among scientists and researchers.
Most ABM toolkits (including NetLogo) are open source and freely available. AnyLogic is
a commercial package that has also been successful. Other software packages for building
ABMs in current use include Ascape, Breve, Cormas, MASS, PS-I, and SeSam. It is also
possible to write an agent-based model in any language. When building your own model in
a standard non-agent-based programming language, the time to run the model may be faster,
but often the time for the lifecycle of development will be considerably slower.

3. This textbook uses the desktop application version of the NetLogo software. At the time of publication of this
book, a browser-based version of NetLogo will also be available. Most examples used in the book will work in
the browser-based version, though some will require adaptation for that version.
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We make use of NetL.ogo examples throughout this textbook, both to provide hands-on
illustrations of the principles being discussed and also as a form of “pseudo-code.”
However, this textbook is not a NetLogo manual. Before reading much farther, we suggest
you download the NetLogo software, open source and available for free from http:/
ccl.northwestern.edu/netlogo, and work through the introductory material in the NetLogo
manual (available through the Help menu of the NetLogo software), including the three
tutorials that introduce the user to basic model development and syntax. This is a necessary
prerequisite to comprehending the material in the book beyond chapter 1. The NetLogo
user manual (found under the NetLogo Help menu) is the authoritative reference for
NetLogo and it is regularly updated and improved. It will often be advisable to consult
the manual, the interface and programming guides, the dictionary and FAQ throughout
this textbook. NetLogo comes with an extensive library of models from which you can
learn common code patterns. The “Code Examples” models are meant to be simple models
intended to show you common code patterns. There are many online resources for help
with NetLogo (see http://ccl.northwestern.edu/netlogo/resources.shtml). The NetLogo
users group (reachable through the NetLogo HELP menu) is a forum where people post
NetLogo questions. The community is quite responsive, and if you post a question there
you will likely receive a prompt response. It is a good idea to subscribe to this group
early on in working through this textbook. Another resource for asking and answering
NetLogo programming questions is Stack Overflow (http://stackoverflow.com/questions/
tagged/netlogo), where you will find many questions and answers about NetLogo
programming.

We use the NetLogo examples in order to concretize the concepts of agent-based model-
ing that we present. By presenting computer code side-by-side with conceptual discus-
sions, we hope to provide both a larger picture of the use of agent-based models as well
as a specific illustration.

We have selected NetLogo as our ABM language for this text for several reasons. Before
explaining the specifics, it is important to say that we believe our book will be just as
useful for those using other ABM languages. Even if we had written a completely lan-
guage-agnostic book, we would still have needed to include pseudo-code to illustrate our
points. Since NetLogo was designed to be easily readable, we believe that NetL.ogo code
is about as easy to read as any pseudo-code we could have used. NetLogo also has the big
advantage over pseudo-code of being executable, so the user can run and test the examples.
Moreover, there are a large number of agent-based models written in NetLogo in a wide
variety of domains, so a literate agent-based modeler requires at least a passing understand-
ing of NetLogo.

4. Pseudo-code is an intermediate form between text and computer code that is often used to describe compu-
tational algorithms.
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We have several other significant reasons for choosing NetLogo as the language for our
book. Uri Wilensky, the first author of this textbook, is also the author and developer of
NetLogo and has conducted agent-based modeling research, development and teaching
with NetLogo (and its precursors) for over two decades. He has taught NetLogo in his
classes and in workshops for that same period. The second author has years of experience
teaching NetLogo workshops and conducting agent-based modeling research with NetLogo.
As such, we are intimately familiar with the language nuances and details. More important,
NetLogo was designed with great attention to learnability. As we said, its core design
principle is “low threshold, no ceiling.”

Achieving both of these goals completely is not possible and to some degree, they
trade-off against each other, but NetLLogo has gone a considerable distance in achieving
both. No other extant ABM language is close to NetLogo’s low threshold. As such, it
is an ideal language for learning ABM and is used widely in classrooms all over the
world. Yet, NetLogo also achieves a high ceiling. NetLogo is in use by a large number
of scientists and professionals and is regularly employed in cutting edge research (see
http://ccl.northwestern.edu/netlogo/references.shtml for a partial list of research papers
employing NetLogo). So after completing this text, you should be well prepared to use
NetLogo in your research, teaching, and/or professional life. Learning NetLogo will
make you a better ABM modeler/researcher regardless of the language that you may
eventually use.

Learning Objectives

There are ten main objectives of our textbook, which roughly parallel the nine chapters
and the appendix of the textbook. We will phrase these objectives in terms of questions a
reader should be able to answer at the end of our textbook:

0. Why does agent-based modeling provide us with a unique and powerful insight into
complex systems?

What is agent-based modeling and how is it used?

What are some simple agent-based models that we can create?

How do I extend an agent-based model that was created by someone else?

How do I create my own agent-based model?

What are the basic components of agent-based modeling?

How can I analyze the results of an agent-based model?

N v R W

. How can I tell if the implemented agent-based model corresponds to the concept of the
model that I developed in words? How can I tell if the results of my agent-based model
tell me anything about the real world? How can I make sure that someone else can repeat
my results?
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8. What are some advanced ways of including data and using output from agent-based
models? What are some of the open research questions in agent-based modeling?
9. From what computational scientific roots did agent-based modeling arise?

Features

There are four main features that are present in nearly every chapter of the book: in-line
development, textboxes, explorations, and references. In-line development is what we call the
approach of developing a model or an extension to a model in the main text of the book instead
of asking the reader to do it later offline. It is expected for some of these chapters (2, 3, 4, 5,
6, and 7 especially) that the reader will read the textbook while sitting at their computer,
entering the code from the textbook and manipulating the models as they read along. All
models developed in the textbook can be found in their entirety in the IABM Textbook
folder of the NetLogo models library. This folder is organized by chapters of the textbook.
These completed models are provided as a resource, but we encourage students to follow
along with the textbook, developing the models themselves before opening the models in
the IABM folder. Most other models referred to in the textbook reside in the NetLogo
models library, which can be accessed through the “models library” menu item from
NetLogo’s “file” menu. The models library is itself comprised of subfolders. The principal
subfolder is “sample models,” which is organized by subject, such as biology, mathematics,
social science, and others. All models used in the book and supplementary materials can
be found on the website for the book, www.intro-to-abm.com, updated regularly.

The textboxes serve to provide additional information and concepts. There are three
kinds of textboxes: (1) definitional, (2) exploration, and (3) advanced concept. Definitional
textboxes (set in blue) define words and terms critical to the discussion. Exploration text-
boxes (set in green) provide additional explorations that are relevant to the material being
discussed at that point. Advanced concept textboxes (set in orange) highlight concepts that
are beyond the scope of the book but that might be of interest to the reader.

At the end of every chapter (except chapter 0), there are explorations. An instructor
may want to draw on these explorations for student homework. These explorations are
roughly in order of difficulty. Some of them are quite open-ended, while others are more
constrained.

At the end of the book there is a references section, the text references organized
alphabetically, and the software/model references organized by chapter. To distinguish the
text from the software references, the software references are italicized in the text.

Organization

We will present the basics of ABM in nine chapters and an appendix. The nine chapters
and the appendix can be thought of as three sections: (1) What ABMs are, (2) How to
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build ABMs, and (3) How to utilize ABMs to answer complex questions. The first two
chapters (0 and 1) and the appendix describe why ABMs are interesting and useful
(chapter 0), what they are (chapter 1), and where they came from (the appendix).
Together this material defines and describes the field of ABM. The next four chapters
(2, 3, 4, and 5) cover how to create simple ABMs (chapter 2), extend an ABM (chapter
3), and build your own ABM (chapter 4), identifying the basic components of an ABM
are (chapter 5). These four chapters form a unit on the methods for building ABMs.
The final three chapters describe how to analyze ABMs (chapter 6), how to verify,
validate, and replicate ABMs (chapter 7), and how to use advanced features of ABMS
including using external data sources (chapter 8). Together, these cover the experimental
methodology of ABMs.

We believe that all of these chapters are important for someone who is interested in
gaining a comprehensive knowledge of ABM. However, if you have a particular interest,
there may be a subset of chapters that is more appealing. For people who are interested
in what can be done with ABM but who do not need a hands-on knowledge of how to
construct ABM, we recommend reading chapter O (for an overview of why to use ABM),
chapter 1 (for a discussion of how an ABM can be used), the appendix (for an overview
of the computational origins of ABM), chapter 7 (to understand how to analyze ABMs),
and chapter 8 (to learn about advanced uses of ABM). For readers who simply want a
practical hands-on introduction to building ABM, we recommend reading chapter O (for
an understanding of why to use ABM), chapter 1 (to learn how to pose questions suitable
for ABM), chapter 2 (to learn how to create simple ABMs), chapter 3 (to learn how to
extend another user’s ABM), and chapter 4 (for an introduction to designing and authoring
an ABM). These readers might then move on to chapter 5 (for a discussion of the basic
ABM components). For other readers, the more detailed chapter overview below may help
you choose the chapters that are the most appropriate for you.

Chapters 0 and 1 and the Appendix: What Are ABMs?

In Chapter 0, we discuss the motivations for using ABM. We note the ubiquity of emer-
gence in the world and review the literature that shows how difficult it has been for people
to understand emergent phenomena. We also explore how ABM can help us to make sense
of phenomena that are nondeterministic and/or have distributed mechanisms and control.
Agent-based modeling is powerful because its basic ontology is parallel to the ontology
of the world around us. As a result, we can define and describe complex systems using
ABMs in quite naturalistic ways. We do not have to define in advance the emergent, global
properties; instead, we can observe these properties as they arise from a simulation of
multiple distributed interacting agents. This enables us to provide very different descrip-
tions of the world around us, and to understand complex processes in fundamentally new
ways. Even for phenomena that we may understand well such as basic physics, chemistry
and biology, ABM provides a “restructuration” (Wilensky & Papert, 2005, 2010) of these
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disciplines, making them easier to understand for novices and enabling experts to develop
new insights.

In chapter 1, we begin with a description of ant behavior and discuss how an ABM of
an ant colony could be created. The practice of ABM is the use of multiple interacting,
heterogeneous agents to create models of complex systems. ABM enables us to create
models straight from empirical observations of behavior. We can build mechanisms that
we conjecture might explain the behavior and examine how these mechanisms interact.
On the basis of this examination, we can at least ascertain if our models are sufficiently
generative that they could account for the phenomenon being observed. Using a model of
ant behavior, we show how scientists might examine several different mechanisms and use
models in concert with empirical observations to ascertain which of these mechanisms
could explain the behavior observed.

The appendix describes the historical development of the research, people, and ideas
that resulted in the creation of the field of agent-based modeling from a computational
perspective. ABM, unlike some other discipline-specific methods, did not arise out of any
one particular domain or field. Instead, it arose contemporaneously in many different
fields, some of which were aware of each other and some of which were not. The history
of ABM, like many of the applications of ABM, can itself be told in terms of complex
systems with many distributed actors and nonlinear interactions that occurred. An under-
standing of the origins of ABM and the historical development of canonical ABM models
is helpful in deciding whether an ABM approach will be productive and in selecting a
design for an ABM of a target phenomenon.

Together, this material covers why ABM is useful, what it is, and who developed it. The
two chapters plus the appendix provide the fundamental motivation, concepts and history
of ABM.

Chapters 2, 3, 4, and 5: How to Build ABMs

In chapter 2, we develop some very simple ABMs that have powerful features. We begin
with Life Simple, which is a version of the game of Life. This model illustrates how very
simple rules can create interesting and emergent patterns. We then move on to Heroes and
Cowards, a model that illustrates how just changing one rule can dramatically alter the
results of a model. Finally, we conclude with the Simple Economy model, which demon-
strates how very simple ABMs can help us think through real-world problems.

In chapter 3, we go through the process of taking an ABM that someone else has
constructed and modifying it. These modifications could be as simple as adding new
visual characteristics to clarify a particularl